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ABO LRACT 


The room-temperature infrared reflectance spectra of 
polycrystalline and single crystal barium chlorate mono- 


hydrate, Ba(ClO -H59, were measured at 9.5° incidence, 


3)9 

over the range 100-7200 em), The (O01) crystal lace was 
studied under polarized radiation, with the electric vector 
parallel and perpendicular to the b-axis. Major sources of 
error affecting the measured reflectance were thoroughly 
investigated and, where necessary, a suitable correction 
was applied. Excellent experimental reproducibility was 
achieved in this manner. 

The optical constants, n and k, were obtained from a 
Kramers-Kronig analysis, assuming normal incidence and con- 
stant reflectivity in the unmeasured spectral regions. 
Model calculations showed that these assumptions gave ac- 
curate results, provided that the measurements were per- 
formed over a sufficiently broad spectral range. 

The resonance frequency, damping constant, and transi- 
tion strength, for each of the Tundamental vibrations, were 
determined from a classically damped harmonic oscillator 
model for the infrared band shapes. These values, known as 
the dispersion parameters, were then refined by a trial- 
and-adjustment procedure, requiring them to simultaneously 
reproduce both the observed reflectance and Kramers-Kronig- 
derived dielectric loss, «', spectra. The overall agree- 


ment between the observed and the final theoretical spectra 
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CHAP TR ie Le 
INTRODUCTION 


Chapter lor Chie these = provides the “theoretical and 
experimental background material necessary to an under- 
Standing Of the optical properties Of “a “solid .* The-experi— 
mental methods used for the preparation of polycrystalline 
and single crystal samples of barium chlorate monohydrate, 
Ba(C10,)5:H,0, and for the measurement of specular reflect- 
ance are described in Chapter II. Sample characterization, 
data handling procedures, and the reflection results appear 
im Chapter Ills The optical and dielectric Tunctvions de— 
rived from both a Kramers-Kronig and Classical Dispersion 
analysis are presented in Chapter IV. Random and systema- 
tic experimental errors are discussed in Chapter V. The 
Vibrational assienment of Ba (C10. )5:H,O and the calculated 
dipole moment derivatives with respect to the crystal normal 
eoordinaves are given in Chapter VI. For the anternal waver 
modes, the bond moment derivatives are also estimated. The 
Sienificant aspects Of this Investigation are summarized 
Ine toe Cone lusSLon. 

The introductory chapter is Sub-divided into five 
Sections. The first section (1.1) 18, Varvely devoted to a 
description Of the basive physics anvolved an the study of 
optical properties. The experimental methods for obtaining 
Optica COnstants. With particular emphasis, on the Kramers— 


Kronig procedure for specular reflection results (Section 
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1.2) are presented; and the properties of Ba(C10,)5°H,0, 
including a review Of previous spectroscopic investigations, 
are described (Section 1.3). in "order to bring this wor 
INCOM PeCYrSspeevive with our =cUrrent. understandine. of optical: 
properties of solids in’ the inirared region, a short isyn— 
Opsis ol mayor developments in this’ field or study, as prea 
Benved 20 pect ion 124) his 1s iclliowed by avbrres oucline 


Gf tie ObD)eCtives Of This work in Section 175. 


l2i Theory of Optical Properties 

EREHOpUILcCal behavierewoer anwOoptically ssotropie solad 
is determined by the frequency dependence of two parameters: 
the real and imaginary pares of the retractive index, or 
the real and amaginary parts Of the dielectric function. 
Either pair of constants uniquely defines the other set. 
The real and imaginary parts of the refractive index are 
Commouiy TeLterred tOndas) the Optical CONnstants or the solid 


and describe the speed and attenuation, respectively, of a 


plane electromagnetic wave progressing through the mater- 
iar Sincetite1s the electrically charged particles or 
the material thav s2nteract strongly with the electric =iield 
of the electromagnetic radiation, the optical constants 
describe the iunctamental constivution Of “the solid. in the 
Case ol simi rared radiation, the optical constants eive the 
frequencies, lifetimes, and intensities of the vibrational 
modes. 

However, tne Optical property usually available direct— 


ly from experiment is the frequency—dependent reflectance 
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Om Uralismittance. In order to interpret experimental mea— 
SuUreien vce USLeCEMGEOL UieLsOpr1 cab Constants of ene sol 1d 
one requires a knowledge of Maxwell's equations, the nature 
of the interaction between electromagnetic fields and 
matter, and an understanding of the dependence of the 
Optical constants on the frequency and, in the case of 
anmsSOLrOopic materials, the vibration direction: of “the pro — 
pagating wave. 

this secvi0on will provide this’ necessary. packeround 
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l.la Wave Propagation and the Optical Constants 
TNC prepatarion, Of ight, an a medium 1s described) by 
Maxwell's equations. ~ For a nonmagnetic, electrically 


neutrals matverialy tne appropriate relations are: 


V-D = 0 baby 
7-B = 0 ee 2a 
Wolel = i 3D ; at Ali seer 
es (@ a Cc — 
Ses 


where an underlined character denotes a vector quantity. 
These equations are given in Gaussian units, i.e. electro- 
Stavic 2nd peleetromagcnetic CoS Units, since this is the 
convention adopted by most standard texts on electromagnetic 
theory. The material presented in this section is largely 


derived from Chapter II] of Wooten'’s book, “Optical Proper-— 
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tres OL Solids", 7 and she definition of terms) is, according 
To Von Hippel, an “Drelectrics and Waves", ~ unless other- 
Wase—eStavcd |) For asdescriplion of wave propagation an 
rationalized mks units, consult either Stern® or mow 
The terms in Maxwell's equations have the following 


deflingtaions: 


Des oveleci ric dicplacement or electric tluxesdensity 
ie we lecCirice field ssireneth 

He= magnetic iteld = strength 

Be= maenetic, flux density 

J] current density 

Cy Velocity 2Or sieht eae vacuum, 


The connection between the wave properties and the 
Optical properties, of jsolads Vs civem by the constitucive 


rela ton se 


gO yet (od 

D=eE [1.6] 

B=uH laeaed 
where 

Soap UheraLelecuLs eG CONSLaAnt LO perm inhuiimay, 

@ = conductivity 

u = magnetic permeability. 


Equation [1.5] 1s just a formulation of Ohm's law and de-— 
scribes the response of the conduction electrons to the 


electric i1el¢, —Kquation [1.6] describes the response of 


aoe 2 Oe 


“ 


iio a ee 


- Chir all mh wey 


| Pe 


1 
| : 77 4%). 
| | Geeagh yak) lange f¢ gasmectiuash cettonyeeh-a @ 
| tO Wweewase 814.ly 4296oe fee 
- a eet Li=4,, e223 = a 
dda inh sieeneenee 


Migs Ar aes | reli isl, & 


et Si ne ue PASAY ovuy wt Hip at (gory, JEN OTE att -_ 
spi viaetenesy Wad Ul nevi= SL eh iiss tc ON Fes sn toot qe f 


sent te 


all 
ee 
yy 
— 

~~ 


ans 
ath | i ae 


1 4 a 


: Ty 1 


~— 
=e 
4 


: d 
a 


; Ae Lap Sed ts 9 bier as adie sabe 
oe etiwneaul 


: 7 
eh CEE 
i ae 


war Wes 
a — 
Ps 


tne bound charces to the electric field, and equation [1.7] 
is the corresponding magnetic relation. 
An alternative way of describing the response of the 


bound charges is: 
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where 
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polarization = electric dipole moment 
induced per unit volume. 


From cauations [1 e6) cand [lie | swe have that: 


(e-1) 
4a 


ee me E [1.9] 


Xp E 


ine proportionality “constant. Xp between the electric field 
strength and the polarization, is known as the electric 
suiecer eisnlshae. 

The constitmeive constants are Ww, 6, and ¢€> However, 
LOma non-magnetic material, weequals unity. « The values of 
Eange oO Are constant Ondy insotarsas the frequency of the 
Wave: Ls CONSUani., wINe ihe case Ol 1S0Otlrop1c media, © and) © 
are scalar quantities having the same value for any direc- 
tion ot thervapplved electric» iield.” But for anivsovuropie 
media, the magnitude of the induced conduction and polariz- 
aui10on varices with the darection of the applied electric 
fie lamand consequent ty. 1c And co Must be expressed as Tensor 
quantities. ’ 
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an isotropic medium is assumed. 
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The = eeneral wavesequatdon for the electric field sis 
Obtaimed by taking the cur. o2 (1.4) and the tame deriva— 
tive sot 12 leand eliminating H with the help of [1.7]. 


The result 2s: 
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wieLe Up ase an Vvecvom te1d ee Maxwells) equation Peis mesures 
that VoD= 0. Since D= ee from [1.6], this implies that 
Va OO len —s0n In the former case, the wave vector is 
perpendicular tosh sand called transverse, in the latter 
case, the wave vector has a longitudinal component, i.e. 
parallel to bin zeneral, <« 7.0| which gives the condition 
that the wave must be transverse,” and equation [1.10] re-= 
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The solution for monochromatic plane waves is: 
E = a exp 1 (K-r —wt) (a3) 


where the circumflex denotes a complex quantity 
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complex propagation constant or wave vector 
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angular frequency in radians/sec 
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t = time in seconds 
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The frequency, w, is also called the transverse optic fre- 


QuUeILC y5 Alvhoughe only thes real part) os 2 represents 


ere) 
the wave.ssthe use of complex notation is helpiul in, describ-— 
ing the phase relationships between various real quantities. 


ByeWriiaine equation deli iinat hes form: 


exp(-K".r) exp i (K'-.r-wt) Ere 


PI, 


it can be seen that the vector K is normale to [the suriaces 
of constant phase and the vector K" is normal to the sur- 
faces of constant amplitude. If K' and K" have the same 
direction in space, the wave is called homogeneous; other- 
wise, the wave is called inhomogeneous. 
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We can now define a complex refractive index, n, ‘such that: 
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refractive index 
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EI =heXGEINGCHLON GOeCTTIci ent. 


IRewOUatI es N and ekeare known as the jpiical constants 
of the material” although this term is really 2 misnomer 
Since n and k depend upon the frequency of the wave. 

In the case of homogeneous transverse waves, we obtain 
the simple result that |K'|=nw/e and |K"|=kw/c, which 
gives us a ready interpretation of the optical constants. 


This =can be seen by rewriting equation [1 13 as- 


E = E. [exe-(2 x) | fexpa(s ne - ut) | : feeds) 


The first exponential term describes the attenuation 
of wave amplitude with path length through the material. 
The absorption coerricient, «, which describes the fraction— 
al decrease in invensity with distance, is defined. by: 
I=I1, exp(-ar), ie, 


_ -l di where I = transmitted intensity 
ar ineident imbensiuty. [alesse 7a | 
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pince thesincensilty is proportional to the square of the 
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where 
xX = vacuum wavelength 


vacuum wavenumber. 
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The second exponential term describes a wave travel- 


Pines wEUnevelocity., “Vi= c/n, 


whieh confirms our earlier 


LCCn bit Leataon, OL bh as) the Frerractive index. 
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where jl has, been set equal to unity. 
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Where © Is the colder or equation 
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If we now 
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define a 


pleas] 


then 
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tiie real part of the: complex “dielectrics function, 


measured at radio-frequencies, is what 


as une aLrelectric constant... and is the 


tance in the dvelectric medium to that 


es Cael é 


vac. 


ihe 1Macinaryeparis or the compiex 


is commonly called the dielectric loss. 


trical COnductivity 1S a maximum value 


Optic frequency ~~ equation [i223] 


shows that w 


we commonly refer to 
ratio oOn the capaci— 


Ome 
in vacuum, ab ee 
[1.24] 
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ponds to a maximum value of e"'w. 

When the conductivity is zero, the crystal is trans- 
parent (k=0), and the optical properties are given by 
e'(m) =n-Ca). 

Rouations (le 2oleand [1.25] alco showsthatee sand 
are interdependent quantities. We shall see later in Sec- 
GlOmeuecbathat ce. “and ene as well as n and k, are related 


in a quite fundamental way by means of the Kramers-Kronig 


relations 


l.1lb Reflection and Transmission of Plane Waves 

The relationships between the experimentally measured 
reflectance and transmittance and the optical constants of 
a material can be derived from an analysis of the character 
and direction of the waves reflected and transmitted at a 
plane boundary. 

Consider a plane wave of amplitude Ej travellinor anes 
tGansparent medium of refractive index n) incident at an 
angle » on the interface of an absorbing medium, whose com- 
plex refractive index is aoe Take the permeabilities uy 
and U5 as unity. Let the boundary of the two media be at 
Z=0 


and with the incident wave in the xZ plane. Figure 


’ 


el detines this coordinate system. Let E.. and Ey denote 
the amplitudes of the reflected and transmitted waves, re- 
spectively. The incident electric vector Ey can be re- 
solved into components perpendicular and parallel to the 


plane of incidence, xz. These two cases are considered 


separately. 
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Fagure a7 i) Coordinate system for analyzZine reilection and 
refraction at a plane boundary between a transparent and 
an absorbing medium. 


The wave vectors and associated electric and magnetic field 
components are shown for the case of s-polarized waves 
CTH polariZataon) 


Theat 


Sey in sc op e 


qe Pr ces wrenvtera *:) weapons 9 i aigleweer - tak | “i | 
6 268 sata VP SaGndie_aliinorst Giale Wy Sen ee a 
| aid fi’ gage 


Witet ware Ghaetda Mnle, teint oP eS 
wiede toviag-< TO) suhn es rt airy 


a 7 7 
ane hi * 
eo AY ea —— 


—_ 


Ii the.,electric vector is polarized perpendicular to 
the plane of incidence, it is called s-polarized or trans- 
verse electric (\TE) polarization. If<the electric vector 
LS pOLara Zed parallel to the plane of incidence. 2b 2s 
called p-polarized and, because the associated magnetic 
field vectorsis ipenpendicular to the splane of “incidence. it 
Veealso called transverse macnetic (iM) polarizacvion. | ihe 
magnitude of the corresponding s- and p-polarized reflected 
and transmitted waves are determined by the boundary condi- 
tions. These require that the tangential components of the 
electric and magnetic fields be continuous as the boundary 
is crossed, !? 

The solutions to these electromagnetic boundary condi- 
tions sare called Kresne!’ s relations. For the situation 
described, the formulae for the complex amplitude reflection 
coetricLtents, r_ and ee and for the complex amplitude 


Ss 
—_ “ “ : 3 
transmission coefficients, te and rey! are given eee 


a E. : n,cos  -NoCcOos y a éinty-&) 
oe Ag Ts a Se ae as errr [1.25] 
nye ily n,cos ¢ +nocos yY SinGy +o) 
A E.. 7 n,cOs Y -No4cos 0) : tan(7-$) 
B= \ eee = —-~ Se ieee Gl 
Bp i/ TM n,cos y tn,cos > TanCya-o)) 
E 2n. COS 
te -(F) re Le ae Pieo7 4 
e/a n,cos o tnocos yY 
a E 2n, cos > 
: -(F) Rae [1.28] 
P ne ad ny cos ytn,cos db 
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where y LSethe, complex, angle of rerract von. Y is complex 
aS a consequence of the complex refractive index te indi- 
cating the change in phase in the reflected and transmitted 
waves. 


The power reflectance, which is the ratio of the re- 


flected to the incident power, or intensity, is given by: 


R=. Se GleIGeiD) [1.29] 
sin (y+) 


DB 
A De OK =~ 
Ro = yr, or ENE) eco? 


Beant’ t°eyantane(, 6) 
where the superscript * denotes the complex conjugate. 

For a nonabsorbing dielectric, y is real. From equa- 
Prone O it mean boemoccn tha tmrOormbncespeolalcaccmyien 
y¥to= 7/2, Bo goes to zero. The angle of incidence is then 
called the Brewster angle, dp> and Snell's lane gives 
tan bp =No/n,. Re is different from zero at the Brewster 
angle, hence the reflected light is totally s-polarized. 
For an absorbing dielectric, the angle of incidence corres- 
ponding to the minimum in the Be curve is called the pseudo- 
Brewster angle. 


Ine bie case of normal, incidence. both @ and y are zero, 


and the expressions for ies and re bothereduce tox 


ro=r =f se [eau 
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If the first medium is air, this equation further simpli- 


fies to: 
1H 
A 2 1-(n+ik) 
r= ee SS ————— aby ae 
1+hy 1+(n+ik) 


where the subscript is no longer required. This gives the 


power reflectance at normal incidence as: 


(nel) ae 


Re 
le ee 


ere or 


Fresnel's equations for Re and RS may be written in a 


“w “nw 


simpler form by recognizing that Snell's law: No sin y= 


pe 
2 gaa. and by de- 


F : A “a os a? 
n, Sin d, gives that No COS Y = (n5-ny 


Lian 
A Boe eos ; 
(No-n, Sites = Arb. [1.34] 


iimthe tivctemediimmrcyainy equations tle2o) then reduces: toy 


Se SeCOS 0s (24d) 
es Costa ip) [1.35] 
2 Z 
ayiereas = Snghe iy ee [1.36] 
Ca+cos 0 a +b 
The square of equation [1.34], with n> =1 and n, =n gives 
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Tesrealsand=imacanary parts of [1.37] are: 


ao-b = Aen a eskeh| 


A be= nic [1.39] 


AVSimilar analysis Lor Ro Shows that: 


| [1.40] 


R_=R 
P = Pama iy nye 


Thus, the optical constants n and k can be simply 
derived from a measure of Re Or Be at two or more angles of 
incidence. The dependence of reflectance of plane-polarized 
Licht upon angle of ancidence is shown an Figure 1.2.  1t 
should be Noted thae tor near-normal, incidence, ie. Ng.< 1o- | 


to a very good approximation, ee = 


Dole. Optical Anisotropy 

The discussion in Section 1.lb was confined to isotro- 
pic materials such as glass or cubic crystals. However, 
mMOSveeCrySlalsS fare Optically anisotropic, thelr optircals pro— 
perties depending on the direction of propagation and the 
polarization of the light. This phenomenon is also referred 
to as birefringence or double refraction.?” In va, bire= 
fringent crystal, plane waves travelling along a given dir- 
ection may vibrate in two mutually perpendicular directions 
which are associated with different wave velocities, and 
therefore, different refractive indices. The variation in 


the crystal's refractive index with the vibration direction 
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Figure 1.2 Dependence of reflectance of plane-polarized 
fi cnt upOmeanecle ot Uncidence.. 


(ie supSseripus wana p retrer TO Line components: polar— 
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On ihe Imeht Vs (Ipictorially represented by an optical indi= 
Catrix, which is an ellipsoid surface whose principal axes 
are equal to the three principal refractive indices. This 
represenration suriacewis illustrated in Pigunes!. 3. 

For light propagating along the ON direction, the 
crystal's optical properties are determined by an ellip- 
tacal section of themndicateix normal to this) direction. 
The semi-axes of the elliptical «section, Ob and OM, detine 
the two mutually perpendicular vibration directions permit- 
ted for this wave, and the lengths of the semi-axes are pro- 
portional to the appropriate refractive index. For a trans- 
parent crystal, the relationship between the magnitude of 
the Wave Vector ‘sustained by the ecrystal and the refiractive 
iINndeGtis Civen By equation [lela] i.e, K=no/c. =kor an 
anvsovuroplCG s apSOLrpins Crystaww, this Simple relataonships is 
only valid when the vibration direction of the wave is par-— 
aulel Lona principal axis ‘Of Sthewoptncal indicatmixs wich 
is fixed by symmetry. +® 

Mais dependence Of athe crystals optical) properties) on 
the crystal symmetry isPdue to theviact that Licht as sym— 
Metrc lca l eaboul Lbs d1rect1on ol propagation. ~Whus? “the 
symmetry of the optical indicatrix is necessarily determined 
by the maximum symmetry that can be displayed by the unit- 
cell Shape, i.e. the Bravais lattice.?! The optical pro- 
Detulesnot crystals belonging to the tetraczonal pricona l, 
or hexagonal classes are described by an ellipsoid of re- 
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Waves! travel ling along the direction ON vibrate alone OL, or 
OM, the magnitudes of which give the two correspondines re-— 
fractive indices. 
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equal in magnitude. These crystals are referred to as uni- 
axial, and the three axes of the indicatrix are determined 
by®thes*three tcrystallosraphic axes, forvall frequencies. 
invpartaculars -the c-crystaltocraphic axis 19 normal to 

ue Circular ecross-sectulon of the ndicatrix. §<For lachne 
Propagating along= this directions the phase velocities of 
the two orthogonally polarized waves have the same value. 
[ntssdirecti0on of propagation, for which the phenomenon of 
doubletretraction does not occur, is*called the optic axis. 
Rays? ViIpratving in thesplane perpendicular torthe opie axis 
are Grelerred tO as"ordinary rays, since they obey the or= 
dinary laws of refraction; whereas, rays vibrating in the 
plane parallel to the optic axis are referred to as extra— 
ordinary, since they do not obey these laws. 

Enevovpuieal properties Of crystals belonging to the 
erthorhombic, monoclinic, and triclinic classes are de= 
seribped by a triaxial ellipsoid, in which all three* princi— 
Dabareiractive indices are ditferent. -By convention, the 
helrcaculves MdLces, abewdesienatedun,., Ne and ny» where 
ge se IL andead.e os and ye detane the praneipal vibration 
directions. A complete description of the indicatrix re— 
GUilGes=a COPretacioneor 0,9 — andy to the crystallographic 
directions. Because these crystals possess two optic axes, 
they are termed biaxial. The two optic axes are perpendic-— 
Ufereto tbhestwoecirecular cross-sections of the ellipsoid 
and PvesInsthesay section of tThevindicatrix, ‘which 7s often 


ealled@thevoptic axial plane.” Thais elliptical section™@is 
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Shown in Figure 1.4. The angles between the optic axes 
are bisected by the indicatrix axes, OX(a) and OZ(y); the 
one which bisects the acute angle (commonly called the op- 
tic axial angle and denoted 2V) is termed the acute bisec- 
Crux, 2nd tne other is the obtuse bisectrix. "11 y is the 
acute bisectrix, thercrystal is said to be, optically, posi— 
tive sid ots the acute bisectrix the crystals optically 
negative. 

Foran Ort horhonmbrceerysta lL. thew indieavrixe 41S Orien— 
ted sorthat. the prancipal vibrationsdirecttons, are. parallel 
toe une three crystallographic axes, for all frequencies. 
However, tNHEre 2S nNOscriterion associating, a particular 
VEDrPatonrdt reel IOne bora patel CiuLarecrySlalwax Lor 

For monoclinic erystals sone amis Of “the ndicarrix. 
Dube any Ones, 1s aligned parallel to the b-crystaliozraphic 
axis, for all frequencies. The other two indicatrix axes 
ive in’ the ac plane, but anywhere ain that plane, their 
positions depending upon the frequency. 

ForecuniCclintecucsyoudle.sbiere: 1Seno relat onshipepe— 
tweens the indivcatrax and crystallocraphic axes. 

These general characteristics of the optical indica- 
trax Lor “the various crystal elasses. are summarized in 
Tapes dls. 

In the case of absorbing crystals, the preceding dis- 
CUssion is complicated by the required addition of another 
ellapsoid. surtiace, defining ‘the extinction Coefficient in 


ditterents Vibration directions. Also the principal axes of 
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the k ellipsoid do not necessarily coincide with the prin- 
cipal axes of the n ellipsoid, unless the symmetry of the 
crystal requires it (see Table 1.1). However, the relation- 
ship between optical and morphological symmetry is the same 


iSeLOre transparent crystals. !7 


inde UMSperstOny OL ene Optical Constants 

in’ Section 1 le, 2t was shown that the dependence’ of 
ehe opvical constants on the vibration direction or the 
waverin the crystal was related to the crystals macroscopic 
symmetry. in” order=to probe the microscopic nature of the 
erystal, it is necessary to study the frequency dependence, 
OrsdrIspersions Of Tne Cpltical constants. “Strictly speak— 
ing, the optical constants are also dependent upon the mag- 
nitude of the wave vector of the electromagnetic wave, an 


aed However, the 


effect known as spatial dispersion. 
UuSsu2lm practice, is to neglect (spatial dispersion efrects 
when discussing infrared optical properties. This simpli- 
Creat tOmets JUstrizted on the trollowinge grounds. [he “comn— 
plete, independent set of allowed wave vectors of crystal 
ViINDAbI Ons sre lVenuby them rmirsy Brillouin s20ne-s which 1s 
the primitive Unit cell an wave vecvor spaces -@ On the 


Hl 


scale of this first Brillouin zone Gant sone ee the wave 


as ty 


vectors for infrared radiation are very small (210°cm 
Conservation of momentum requires that for a fundamental 
transition, the wave vector of radiation ihn the crystal, K 


be equal to the wave vector of vibration k, that is, K=k. 
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iv-can beVscen that this “selection rule is"only satistied 
when k =0, which means that all of the unit cells in the 
crystal vibrate in-phase. Thus, the k=0 approximation 
oreatlyv simplities the description of the crystals anira— 
red-active modes, since one primitive unit cell gives all 
the required information. 

in ethe limit Of ie 0 Mavdiscussion of therdaspers ion 
Oi she (cOonplex dvelectrice constant can be restricted. toeits 
frequency dependence. Many different mechanisms contribute 
to this frequency dependence; in broad terms, these are: 
reOLvenuattOna MepOlarazavlOnm OLS torulon pOlanazabiron. and 
electronic qotartiaetemn oe In the infrared region, the 
mechanism or tmportance VS distortion polarization, waren 
arises trom induced svibrations in the crystal: 

The general frequency behavior of the optical constants 
is most readily explained by a classical model which consi- 
ders a solidd "as an assembly of damped “harmonic, oscillators 
Seveinvo monton™ by sa Ori ving ehecuricableld = = lis model 
was originally formulated by Lorentz to explain’ the ‘contri— 
bution" ofr electronic polarization to the dielectric con= 
See An adaptation of this treatment is given here to 
explary the contribuptvon of distortion polarizatvon to the 
advelectric constant. 

For this model, the damped harmonic oscillator describes 
a unit cell mode in the poe ApPLOkiIMavLon.) Loss Und te cell) 
mode is a symmetrized linear combination of the molecular 


normal coordinates, and may describe either an intermolecu-— 
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LAr or, ino ramolecular, Vibration, of..the oryeeale © The 


mass-weighted normal coordinate which defines this mode is 
denoted Q..  Itethe Lattice as subjected to an electric field 


Dee ca isi Cerri neacouaLlOnyOLamot lon: 


2 
a“ Q dQ 2 -du 
eee —~ + = —=- 
dt 
where 
a = change in dipole moment of the unit cell during 
toe Unite Ccean ss Vabrabion 
Oe the resonance frequency 
as damping constant. 


The allowed orientations of the dipole moment derivatives 
in the erystal@ are even iby the principal axis directions 
of the optical indicatrix, when the latter are determined 
by symmetry (see Table 1.1). To Simplify the following 
discussion, it} is assumed that the electric field is para— 
iol tordi/djeandetneretore therdo. producv and vector no— 
tation may be discarded. The wave vector of radiation is 
then perpendicular to du/dQ, and WG is called the trans— 
verse optic mode frequency Ono" 
For a time-varying field of the form E=E. exp(-iwt), 
thescreadv=ctaveucolutionm or (U4 isi ce 
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The polarization of the material associated with this unit 


coll modes: 


where N represents the number of unit cells per unit vol- 


ume. ©lhe total polarigzavion is given by; 
. : (Ce te 
du co 
— — + SSS 
p NQ (<3) ae i [1434 


where the high frequency dielectric constant, e€_, encompas- 
ses theveittect of all other mechanisms contributing to the 
polarization at irequency ow. A complex polarization means 
that thes induced polarization ditierssin phase trom the 
applied electric field at all frequencies. 

From equation [1.8], the corresponding displacement 
VeECtOr 1s: 


An A nw d 2 Ant “A “An 
DS ho ae ee SS cE ee Eee be he, 
dQ 2 ee oo 
(Cw =e ts sayy) 


[1.44] 

Thve wives tae complex dielectric Luncvioen .2 as: 

Pe Z 

e(w) = e€ + 4rN duu Ce a 4 [i S45] 

co dQ Zoe 
(w. -w -iwyo) 
At zero frequency, equation [1.45] becomes: 
é 4mN du Q 
Se eC Oe (45) (eo 
Oo ee 2 d 
WwW 


the stavic azelectric constant of the material. 
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Withe this result, “equation 11.45] can be rewritten as: 


Z 
es ey) Wo 
SIO a: eae ey aa hia ain (ibe 
Cw, -w -1w gap 
4 N {dE 2 
The difference See oe (33 [esl 
O 


gives a direct measure of the strength of the absorption. 
ii te print Giver wide cell .convains, mores than One 
infrared-active unit cell mode, equation [1.45] can be gen- 


eralized by Simply summing over all such frequencies; 


i 2 
SON Ses : as oe + [1.49] 
J ne 5 CO = ey 
where Vs = resonance frequency in wavenumber units. 


BY eduatine the real and ainacinary parts of equation 11.49] 
Trice ane ye = te) (Ve ae ee) 6) am), Phemio lowiiemresiil os 
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2 (jee) 
e'(v) =n@(v)-k7(v) =e +2 a (22) see ; Da ee 
Jee 3 Ge a) ae 
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A time dependent quantum mechanical analysis of absorption 
aud dispersion gives equations formally similar to [1.50] 
Midis ealthouch une oscillator parameters have dirterent 
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These equations indicate that in the neighborhood of 


aay there sis tan absorption maximum, and that to low ire= 
quency of V5 e' increases with increasing frequency. This 
is called normal dispersion. However, at, or near the re- 


sonance frequency, the dispersion becomes "anomalous" in the 
sense that « decreases with increasing frequency. Beyond 
this region, normal dispersion is resumed. Figure 1.5 il- 
fustrates the frequency dependence of e€' and ©. - 

ihe, COrrespondingeirequency behavior of the optical 
eoustante 1 and k is depicted in Kigure 16. “Comparison of 
Hicurest.o ond lsoeshows sua in(y)) andes (@))exhibvt a cim— 
ilar frequency dependence. In the case of more than one 
absorption band, both e€' and n decrease as we pass from low 
to high frequency through each absorption, asymptotically 
approaching Unity atlimntinite Trequency. ) lueshould- also be 
noted that the k(v) curve is quite asymmetric and that its 
maximumedoes Not COlncide with-that of thee (vy) curve: 

However, the optical property considered of the most 
fundamental sigpniticance in the study “of aolige” Teave = 


Thise cane De wunGersvood  Lrom. the Characteristics of thisitune— 


tion under the damped harmonic oscillator model: 
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Figure 1.5 Frequency behavior of ¢' and ec”. 
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Hueires wnG — Corresponainge frequency behavior of Nand Kk. 


Figures redrawn from Reference 24. 
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For small values of ie this expression can be written as: 


2 2 
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Carey 


This is the equation of a Lorentzian-shaped band, symmetric 


and) full wadiny at ena) ft — 
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about V5 with peak hereht of a 
maximum height (FWHM) equal to ie thas’ latter property is 
satisfied even for values of Ys close to ae The derivative 


Of equation [1.52] Shows that the resonance frequency, vee 


or transverse optic frequency, Virgo» occurs at the maximum 


VaeuiLenOr vel Ise. 


2 
OUC Te eae a (38) = be ah) 
1C J J 
Pais result. 1s valid =torvany value of Ys and is the same re- 
sult that was obtained in Section 1.la from the identifica-— 
tLOon Ob Vey Twit the sample lor Conductivity... For small va l- 
vues Of Vo relative to va the peak position and half-width 
of the e"(v) spectrum give reasonably good values of V5 and 
Vee The percentage error in the value of ve obtained from 
the maximum of the e" ene LS PrOpOL LON so CH ey: 
Associated with each transverse optic (TO) mode is a 
Longitudinal optic (LO) mode, for which the wave vector is 
parallebeto oi /aQ: ReECalLairon (566 U1On pil a eb hat two esol— 
Wulous: TO theswave equation “exist, -sance VYoD=.0, either when 


V-E=0 or when © =05 “This: Latter Solution defines the con- 
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LO mode is the frequency for which the sample's resistivity 


: : Aa ; : ee : : 
is a maximum. DpiNnce LMeESsistivity is the anverse of conduc— 


LAVECyee GIS Susceste that is given by the frequency 


LO 
for whieh iC / Ve") = Sse maximum value. It ishould be noted 
that the kR=0 Approximavion requires: that the .rO and LO 
modes be degenerate. Since, in general, YnO does not coin- 
28 


cide with Vno° ReMUS Gebers nna ce. 
In the preceding discussion, it has been assumed that 

the effective electric field acting on the molecules of the 

Crystal 1S equal slo the; applied macroscopie electric field, 


However, each molecule experiences an additional field due 


towuhe polaridZzavivoen Ofal other molecules sin the crystal iby 


whe applied field. “Thus; 1t is necessary to unclude a local 
f1TelG sCcOrrect lon tactor. Py Dowel omem i io Olprallewos. | & 
andl lao2l. §For=thne Caserol Molecules situated On Sites of 


tevranedral or higher symmetry, this correction factor is 


given simply by the Lorentz local saree 22 
| E | ae 
weeeel ie easy 
2 al : 


The method of determining the field corrections for mole- 
cules on crystal sites of lower symmetry is described in de- 
bad) by, Decitis-and Rysrsire2 Because of the effect of the 
iceaieiie ld. thesdampedsiarmonteroscullators resonance fre— 
quency, vV,, no longer coincides with the transverse optic 
Zoo) 


frequency, ive 


30 


a : 
aig ts sre 4 et 
: weeanieet @il# bak 0.9) we ar : leby | i. operyrs @z 


7 i 1 7 a 
hefon od bincste Th Souk: ftemiewr « oi EM OWAIRS =bae” 1 
| - 7 
-_ 


1) =i 


7 mar fina OT Gilt ale eee wees bineiaorTgea' ve. was aah 
ae 9 yer wish » VPs rari 4.0 ee gt ee og oF wath im) 
ne | ; 
ay. Soin bed’ = b ,AGine ; ‘4 @F 
1 se a) 
ens = 3 t ] a 
biait siytnsie Skane ee! fre fy (7 Q7 4 =¢ tela 7 
ef biain Cambs tkoie a8 & (uT eA SHOR rewfen teu eee a - 
i tetesrns ateal “4 . bapa + aff 
i fyad tow (ml F yet Chile t9 | sal a 60 
a ata , & di ft ena teen Y i mm a bh 
in Safi y ; | WASqutes awd) bhin ae : {ga .i4 bea - 
en er 
’ i” Lue’ fades alicesed off 9, aerie eat 37 
Se 4 oil 
(eb), | : : _ - 3 
; 2 0 a 


agit 1) "07 na: harriers bod Ral uit. Lires.t  Trh i, 


+@b al Setispesh 4) yutomer meat, 4A¥) @aheu = 
nite yn 4 oe a) ea eaten re cone 
aval en TET Ht re “sili i ron wb inst! tie e 


“~ = 


aang « ante i 7: pacing ‘7 a oo ed “ 


° Ae 
U 
= 


d me 


ih 


oi 


Unvenwexpressions forthe dielectric functaons may be 


Simplitied. by defining) anweitective, oscil lator Streneth, ~~ 
Se ash 
q) 
2 
Se me) [eset 
J J ae? \99; 
Comparisons wlth equation (| li.o4]) shows that: 
os = (ve aa 7 : pera 


Thus, it has been demonstrated that the dielectric 
PUnCtAON e(v) Provides alt of the desired mumtermation on 
The transverse Optic (1O)e and Vonei tudinal optic, (LO) tre— 
quencies, damping constants, and absolute intensities for 
the various allowed absorption processes. In summary, these 
quantities may be determined for well-separated unit cell 
modes, under the classical damped harmonic oscillator approx- 
imauion, as follows: 


i) the number of peaks in the e'"(v) spectrum gives 
the number of infirared-—active vibrations. 


ae) ve abeey SM ee iatsb obiangbliny whe wes 


Wei) Yr ica tee 40 or maximum Gli el) e 
IVa Valise thes fr WHMsox the Ver band: 


v) 2 = (ve ee Me 


ie weveLrhods sot tObtainine Optical Constants 
AyVariety On methods 1s 2vaitable for the measurement 
Gieootrcaliconstants.) ‘The choice of method is determined 


by the nature of the compound under investigation and the 
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particular demands of the experimenter. In the following 
discussion, the various methods are characterized by their 
relative precision, experimental convenience and limitations, 
and whether they are useful at only a few, or a wide range 
OlweLrequencies:  lomiacititave this discussions, the methods 
are broadly classified as either direct (Section 1.2a) or 
indirect. (section 1525) procedures: In order to, oprain the 
optical constants’ of an absorbing medium at “a9 particular 
frequency, two pieces of information are required. The dir- 
ect methods involve direct measurement of two independent 
quantities which both depend woon the optical constants: 
while the indirect methods involve the measurement of one 
quantity, usually the reflectance, over a wide range of fre- 
quencies followed by either a Kramers-Kronig integration to 
fino une COMpPLeMentary "Uantity, Or al claccica loser aror 


Pit oO othe datas 


1.2a Direct Methods 

If the sample is weakly absorbing and its thickness can 
be accurately determined, the transmittance spectrum, after 
eorrection for reflection effects, gives the absorption co- 
ent LeLent =o CV). In the usual case of stochastic multiple 
internal reflections within the sample, the relationship 
between the measured transmittance, ~T*{y) and the true trans— 
mittance, T(v), where T(v) =expl-a(v)r]; r = sample thick- 
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R=usual primary reflectance from the entrance face. 


It Gan be seen that a measurement of the transmittance of 
two films of different thicknesses determines a(v). Alter- 
Hatavelyo the Optical constants can be obtained from mea— 
surements of the reflectance and transmittance of the same 
Aaa or the transmittance and phase shift on transmission 
for the same Sein This latter experiment has also been 
performed for various film thicknesses in order to deter- 
mine, and hence eliminate, the effect of Hike clesaveo aula, 2 
If the sample also possesses plane parallel surfaces, its 
transmittance spectrum will exhibit an interference fringe 
pattern due to phase-related multiple internal reflections 
from the entrance and exit aceon The maxima in the chan- 
neled spectrum occur when the optical path length (i.e. the 
product of the sample's refractive index and thickness, 
n(v)r) corresponds to an integral number of half-wavelengths 
i evaculMey suFOr thus COnGition. “the rerlected partial waves 
Ont fer in phases by ean intecral number of cycles. ‘The mea— 
Sured) ter lectance or transmittance is the sum total of their 
respective partial wave components. Thus, provided the sam- 
DlemIDsOCpoLTOlsmnotevoo large, the real rerracrive: index 
ean be measured from the fringe spacing. Once n is known, 
the extinction coefficient, k, can be derived from the aver- 
aged transmittance Sermuine 2 This channeled spectrum pro- 


Coduremtoreoptaimine Optical Constants Ws primarily used in 
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the far-infrared region where the restrictions on the sam- 
ples thickness and parallelism are least severe. 

im the Visible Trecion, the rertractive index OL tranc— 
parent materials is most commonly determined by a refracto- 
meter, which measures the angle of total reflection at the 
boundary of the sample with a medium of known refractive 
index, ny. Assuming No is real, Snell's law gives 8=arcsin 
(nj/n,). Another method which is frequently used for non- 
absorbing solids is to prepare the sample in the form of a 
prism and measure the angle of minimum deviation, 6. If 
the prism has a refracting angle of A, the refractive index 
is given mt M=sinvAro)/sin AS This technique has also 
been —successiulty used to obtain the infrared refractive 
indices of germanium, silicon, and selenium ales. 

Although the simplicity of transmission measurements 
makes them a desirable experimental procedure for obtaining 
optical constants, there are many occasions when they are 
not feasible or provide erroneous results, particularly when 
tie semple absOrpllon 1S sco strong that itis accompanied py 
Strong retlection. It then becomes necessary to separate 
frequency-dependent reflection losses from pure absorption 
losses. lhus, Decius and nyepaeeae a= nove that thick samples 


may exhibit a complicated transmission spectrum, from which 
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Deeis Oiteremlr. to Ldentity the transverse Opvic Lrequencics. 


For such Sangeet the region of low transmission spreads 


out unsymmetrically from Vro* Problems are also encountered 
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associated with sample preparation and accurate film-thick- 
ness measurements and there often remains some uncertainty 
about whether the thin film is Sir uae eT errno 
characLeristic Of ythe pulko sample. In addition, .some. trane— 
mission studies are further complicated by a dependence of 
the spectra upon the sampling technique. _ 

These problems with transmission measurements are most 
Erequently met. in Chelsolid state with various selasses:, 
oxides, sSilicates and eenteonductors. 7 Loutexcrysrais, 
such as the alkali halides also present difficulties; they 
exhibit strong, sbroad 2psorption in the intrared recion- duc 
to the large dipole moment change associated with the oscil- 
Lavon .or tne atoms (Or arene! and in the far-ultraviolet 
region their absorption Goetticients ° ane Ot sthesorden son 
iar ex eke ena This makes it necessary to use extremely 
thin (= im) samples an order to obtain reliable transmis = 
S10n data, — For these situations, where intense sample vab— 
sorption complicates transmission measurements, reflection 
methods are more commonly employed. 

The sample reflectance is usually measured relative to 
a remmecpuonsstancard of wKknown, COnStbant, “and thigh wreilecu— 
iv uoy eb irolehnoum the spec uraleresion, Ol Sinterest.9 Various 
pairs of reflection measurements will uniquely define the 
Sample Ss optical <constants at a @iven frequency. _ The, form 
Uiccew Meola Olchowe that the rer lecued sintensitlessaL 


oblique incidence, Ro, and Ry» are LUnCLLOnSs  Ofen, Kk anda. 


AS the angle of incidence, $¢ is known from the experiment, 
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nh and k may be determined from any of the following measure— 
ments: R., and Re at One angle of incidence, the ratio 

ye at two angles of incidence (thus avoiding the measure- 
ment Of absolute intensities), or the reflectance at two 
angles for i1neident Jaent havine a known state or polariz— 
ation. From Ficure de2 7) 1t can be seen that the relative 
SCNSitivity OL these methods for a particuiar angie of inci— 
dence is: eld Boe are hh ag ee measurements have a 
further advantage in that the sample assumes the role of a 
fimiting aperture in the optical system, thereby enabling 
very small samples to be studied. In these experiments, 
it is most desirable to make the measurements at angles 

near the principal angle of incidence, for which oe and = 
are 90° out-of-phase. Unfortunately, this angle practically 
coincides with the angle of incidence at which minimum Bh 
reflection occurs and therefore the increase in accuracy due 
tO the Optimum Sensitivity is partially cancelled by the 
CEVors ence sliane Very sia Fret lectance values.” Work- 
ing av large angles of incidence has further disadvantages. 
The veirfect. Of Apparatus polarization, that is, the discrim— 
ington Of thewinstrumen: for a particular component of pol— 
aciZo Plone 1S more pronounced at large angeles of ancidence. 
and the demands on the sample become more stringent: larger 
sample surfaces are rene da: and nonflatness and contamin- 


ation of the surface have a greater influence on themeasured 


ret lectance:. 
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For typical metals, the pseudo-Brewster angle is near 
90" sin thesintrared region. *“ The-optical constants lot 
these samples cannot be usefully measured by the aforemen- 
tioned direct reflection procedures. More accurate results 
are obtained by the method of ellipsometry. This technique 
isebased "on the fact that, stor plane—-polarized incident 
radiation, the s- and p-polarized reflectance components, 


“w 


ies and r_, are generally phase shifted and, therefore, the 


Eeplected 1ighteis elliptically polarized. Equations [1,25] 


and si la2olvoive thate 


“nN 


“ iF 
i s | p | 
~ 

i EC pee eee ee son Se 
A “A 1 | p Ss 
oe cos(y-$) S 
where tan p = ot ee 
and A = aw 

a 


Thus, n and k can be obtained from measurement of op and A. 
A serious disadvantage of ellipsometry is the requirement of 
two polarizers (one in the incident beam and one in the re- 


flected beam) which significantly reduces the energy through- 


bates The method is also very slow since it requires sev-— 
eral manual adjustments at each frequency. This greatly in- 
ekeases the risk of surtace contamination. In the visible 


region, an improvement in the measurement time has been 

: : 49,50 

achieved by the application of modulation techniques. : 
The determination of the optical constants from these 


direct experimental methods is not a straightforward problem. 


This is pecause the, fresnel 's reilection relations cannot be 
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Writven in a form which rexplicitly defines n and k in terms 
of the directly measured quantities. This computational 
problem has been tackled in a number of different ways. 
However, these all employ some type of graphical procedure 
hon the simultaneous solution of Fresnel's equations. The 
method of Samer ao illustrates the basic strategy: A number 
of curves of the reflectance (R,R. or RO? are plotted as a 
TUNGtLONTOL wD.) LOr consuant Valucs Of .kvand or a partacular 
angle of incidence. Suppose the measured value of R for 
angle oy and frequency Va iS equal to Ry: This value or RK 
corresponds to many pairs Of n and k, which, when plotted 

in the n-k plane, define an isoreflectance curve for 
(v,>R,,¢,)- Similarly, a reflectance measurement Ro» at 
another angle of incidence Po» provides a second isoreflec-— 
tance curve (V1 >R5,%9); ana the intersection? with the tirse 
curve gives the-solution for n and k. The sensitivity of 
this method is determined by the angle of intersection of 
the two isoreflectance curves, i.e. the steeper the angle of 
intersection, the greater is the accuracy of the derived 
optical constants.*> The angle of incidence at which the 
maximum intersection angle occurs is the principal angle of 
incidence. iG is fOr tiais reason, that 1uUeisS desirable to 
perform the reflectance-versus-angle-of-incidence measure- 
ments near the principal angle. Simon’ - did not seem to 
appreciate this fact Since he prepared families: on curves for 
Re, iS and heat o= 207 ana (0% "Various improvements of 


this graphical reduction procedure have Since appeared in the 
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: 8) 
literature. Avery : plotted “a2 "set of “curves of Ry /R. as 2 
function of n with k/n as a parameter, for several specific 
angles of incidence. Lindquist and Bwald* also measured 


Ege but by a simple geometric construction evaluated e' 


and ~~ js s'They "defined the quantities: 
R Z 
+ 
Dae < SS eu and m=sin otan ¢ 
Ss (l-p ) 
where »? = angle of incidence 
and ee eee 


ThescOcin L¢76Cnvs A, soe ano are TUNnCLAONS Of 0.5, and om 
For a given Be and ¢, the last equation determines an epi- 
Gyoloid sine the. =and= ie “plane, as the parameter tas var-— 
Ledwt romeOMto 27.) =A second epicycloid is drawn for a second 
value of ae measured at another angle of incidence, and the 


! 


intersection Of the two curves eives the valuea) of © sand =. 
Field and Snesaneoo measured the reflectance at three 
angles of incidence and used isoreflectance ratio curves to 
obtain n and k. The graphical routine was circumvented by 
Juekner°™ who produced sthe points of the zsoreflectance 
curves directly by digital computation. The optical con-— 
stants were then determined via a centroid search program. 
However, it can be readily appreciated that all of these pro- 
cedumes: are long andy tbeddous, particularly ai the optical 
constants are desired over an extended frequency range. A 
detailed discussion of the comparative sensitivity of the 
various reflectance-versus-angle-of-incidence methods for ob- 
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APVariataon ol the reflection method)” called attenua— 
cea Tolaleretlectance s(ATR)® has been extensively used for 
compounds with absorption coefficients too small to give 
good reflection spectra and yet too large to give good 
transmission spectra. This technique was first introduced 
by Palen or en inelVelPand dittfers from the conventional 
beblection method ain that the reLlectine surface 1s—the 
interface between the sample and a dielectric of higher re- 
fractive index, instead of that between the sample and air. 
Pi ethesang le ot incidence, ©o; and the -“diclectric material 
are selected so that Sind ?N,.,,, then total reilection 
occurs for those frequencies where the sample is nonabsorb- 
IG plas ttOr Chessampley k 40, *part “ot “the “ineident “radia— 
tion is absorbed, thereby reducing the reflected energy. 

The ATR spectrum then resembles a transmission spectrum, the 
attenuation of the reflectance increasing with increasing 
values of k. However, for an angle of incidence less than 
this eritical angle, the reflectance spectrum resembles a 
real (rerractives index (spectrum,!) exhibiting the eifecus of 
anomalous dispersion. °° The optical constants are derived 
either by measuring Lo and Re at one angle of incidence or 
CS at two angles of incidence, followed by a graphical anal- 
VelcusiIMunare bo winon' Ss, or by measuring Re, Ae or Bh as 
aniunchion! Of trequency, at one angle of incidence, tollowed 
by a Kramers-Kronig integration procedure. Although ATR is 
NOEtelSechul aore hiduidesamples, 10) has alse been successtully 
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appl Leds tou such Solids as naphthalene peek and alkali-metal 
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nitrate crystals.°" The main disadvantages of this method 
are problems with incomplete optical contact between the 
sample and the dielectric material and the necessity for 
aecuracve= COMUrO ll Ol ethic aang lerot ineidence: 

The development of Fourier transform infrared spectro- 
scopy has introduced a new method for measuring optical con- 
stants, “In this Pechniauesn: a reference interferogram is 
recorded without the sample in the infrared beam. The sam- 
ple is then placed in one arm of the Michelson interfero- 
meter and=a sample interferogram is collected; “Comparison 
of the Fourier transforms of the reference and sample inter- 
ferograms shows how the sample attenuates and phase-shifts 
each spectral component of the radiation. These measured 
differences determine the sample's optical constants. This 
method is restricted to samples which can be prepared in 
the form of a plane parallel-faced slab, and whose thickness 
can be accurately measured. It has been used, for example, 
to Obtain the far-antrared optical constants of quart eee 

Fourier spectroscopy has also been applied to the mea- 
surement of optical constants from channeled spectra. This 
mevnod Involves’ subtracting the Fourzer transform of the 
sample interferogram from the Fourier transform of the ref— 
erence interferogram and normalizing the resultant differ- 
ence Syectrunm, The wnalysis ditierns from the previously 
diseussen channeled spectrum procedure ain that the reirac-— 
tive “ndex is obtained from the zero crossings, rather than 


the Mon ima anduminima in the frange intensity pattern." The 
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Cxpinet2on cociiucientaissohbtained an the usual manner. In 
additvon to the Strict requirements of a thin; weakly ab-— 
sorbine sample with plane parallel suriaces, it is mecessary 
that all windows and filters be wedged So that Their signa— 
tures are removed cntarely from the measured interterograms, 
Another direct procedure has been recently developed. 
It involves measuring the reflectance maxima and minima at 
a eiven frequency, as a function of the thickness of a 
wedged nonabsorbing thin film layer deposited on the sample 
of getonees = ACAI a ecCOMDLicatved craphical sanalysis sis 
requared to obtain the optical constants. This method is 
limited to materials with moderate to large values of n and 


Rencapable or beine DOoUny formed antona ‘Substrate of the re— 


quired shape, and coated with a wedged nonabsorbing film. 
It has been used to determine the far-infrared optical con- 
StantcwOneLUSed, silica wand Bapohives - 

Although this survey of direct procedures for Obtaining 
OpErea Constants) Or Solids 1s Not comprehensive, 10 serves 
to alilvustrate the wide variety of methods available. The 
main disadvantage besetting all these methods is that they 
HOLnoOn readulyeeive the derailed shapewof optical sstrucvuure 
over a wide frequency range. Also, the method of obtaining 
n and k from reflectance measurements at two angles of inci- 
dence can only be applied to isotropic averted. - AS was 
Scomm ime Sect ion wc, the oplLical constants Of janisouropic 


materials are dependent upon both the direction of propaga-— 


tion anospolarization Of the incident wave. Ihe procedure 
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for analyzing these systems is discussed in Section 1.4. 


1.2b Indirect Methods 

There are two main categories of indirect procedures 
fOr vOUUaAININe Optical» constants, The first anvolves the 
measurement of one optical property over the whole spectral 
range from 0>© frequency. The complementary optical pro- 
perty can then be determined because of the existence of 
integral relationships between them, the so-called Kramers- 
Kronige (KK) or dispersion weiieaene 2° These relations con- 
nect the real and imaginary parts of a complex quantity 
which describes a linear relationship between two ampli- 
tudes. The only other requirements are boundedness and 
causality. + i.e. the response of the system to the driving 
force cannot precede the application of the driving force. 
Because only these very general conditions have to be ful- 
Poiled “drspersron relations are valid in many, Trelds of 
physics and engineering. They are termed KK relations be- 
cause of the work of H.A. Kramers and R. de L. epee’ who 
developed these equations for the dielectric constant and 
the refractive index. 


The appropriate relations for the complex dielectric 


constant oe 
eA) =s+ oR 72 iu fee [1.59] 
tT OO es Sy 
: eee yes ees 
e (v) Peg LPR rs cra eae [2 .60)] 
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where P.means the Cauchy principal value of the integral. 
Ipethevcase.of mere which have a nonvanishing static 


CONGUGCEAY Lys ao: it is necessary to include the term, 


oO? 
206/C, On the right-hand side of Gquation [1.60]. The der— 
iveationeor these Kk relations is eiven in Appendix, Ae It 
can be readily seen that the function, é(v) =e'(v) + ie"(v) 
Soristies: Lhe mecessany criteria of the KK relations. — it 
expresses a linear relationship between the electric field 
ieandmethewolec tricudiceplacement D,. 1. €.. D=e(v) E; the dis- 
placement, or induced polarization of the medium, cannot 
OcCeUre DerOre Wine cap pilTcabton OF (the. electric field. and E(v) 
approaches unity, as the frequency approaches infinity. 

In the radio-frequency region, the quantity ve’ can be 


measured as the eondvetiviny and, therefore, e€' can be 


ebtained rom equation [1 59|. However, this particudar KK 
relation is rarely used. 


An analogous KK relation exists between the real and 


: : Sieh. 
imaginary parts of the complex refractive index, since 


n(v) =Ve(v) : 


ie aS asf IY [1.61] 
T 5 ee ayo 
a UES) enc) z 
EW tap. 5 Le 
O Vv - Vv 


ADeobpsOrpltiOneexpeniment antler COrreetvion Lor ret lection 


losses, measures the quantity a(v) =4mvk(v). Equation [1.61] 
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expressed in terms of a(v) is: 


n(yv) = Ll+—5 Dees ky dv [1.63] 
2 ue 
T O av) Vv 


Jones et ae have Used this particular integra le relation 
tordetermine: the optical ‘constants of “a “series or Thirteen 


organic liquids over the range 250-4200 em? via ATR mea- 


SUCeMecris. = Whirl pans vec ee have also employed this equa- 


tion to obtain n(v) from the absorbance spectrum of solid 


ammonia in the range 950-5300 Sint. 


Ate Zero frequency. the ‘static reiractive imaex ee is 
Pave. Oy. 
no=lt—sl Bees? [1.64] 
Zi ia y'2 
Thus tie wcontri bition An tan absorption band to n, is 
An = = if a ; 65] 
27 band y'2 
Prom equation (1.17), ve can be Seen that: 
LoGy) 
TIS a ae 1.66 
ESN ED 7, 303 J 


Whalley et ae havemoctermined ther tailm thickness. (rs OL 
Samples of lee lh at 100°K by equating the KK integral [1.65] 
tOMtnewnoVie tn tarecd con ri button vO Lhe; sGtlatac Telractave 


index avi sequavion |.t.6G6)> they then calculated the optical 
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and dielectric constants over the spectral range 30-4000 
-1 

aie = 
However thervdaspersion) relations between nm andek, and 


1 


e and e” have limited usefulness becausé of the difficulty 
Gt ObDlLalningeanvyeOnenot wwihese Quantities sovertas sul ticient ly 
WLOUehiregquency range = loOraccurately evaluate: (nemntecral. 

One the other hand. a Comresponding relation between the 
phase and the amplitude of reflectance has been frequently 
Used, Decalsces ret lectancertataare More resaglly avallaple over 
pEWtCe Spectral Trance mm necall from ceculonm Va lbeunaustie 
Complex amplitude wet weeu.on COCii1cient, ce expresses a 


linear relationship between the amplitudes of the incident 


and retlecved Iaeht. Tt may be written as: 


ce) = Brescia) (tee7 4 
where |r| = modulus of reflection 
= phase Of reflection. 


Forma lossless medium. thau. 1s One wilh zero; damping. 


g=— 80-4 The experimentally measured quantity 1s the power 


* i ‘ 
reflectance, R=re, which from equation (6 ses ims 


Bo Thus, 


r = VR exp(ié) 
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Pivsesparvecuiarenh—-o Term of the KK relations was first used 
by Robinson and Price! Miel953 CO Obtain the optica .:con— 
Stauts, ©f polytevrarluorethylene and a crystal ol Urned. 

The felavlLonsnip between “hand 6 and nm and Kk tor nor— 
mal incrdence retlectance can be determined from equations 
ble 32|Fand, [1.68 | "and Buler"s equality [exo(i6)—cos 6+ 
icin 6). ive. at any frequency , 


ete ee 


Toren WR (cos 6+ isine). e704) 


Separation of real and imaginary parts, gives: 
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n(v) =o ead 
PERCY )=2 Non. ) Gos 6) 
and KG) = 2N RO) Psa) ) oe (Oise tas) . aeayi24 


T+tRCv=2 V ROW) cos 6Cw) 


The singularity in equation [1.69] can be removed by 


Watts Catal oo 
Be Caen) on RG) da : 
6(v) = = a 3 9 ewes 
O Vv ——a\) 
since ; “ dv' = 0 
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Oo v -v 
An equivalent formulation of lebe GOs Pas 
-] Ey ' oe ! 
Cy) = sont gnR(v' ) — gn dv: ers 
a dv vity 
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integration hy parts —cives: 


e(v) = = fineco") a v | ‘. = Poors (tee) | clear yYsks 
Vay Dao vy  +v dv' 
O 
where the first term is Zero, i.e. 
8Cv) = = ff Qn Vesey. dgnR(v_ )dv_ | Hie on 
T ' ' 
fe) WL Say) dv 


This equation is an exact relationship and does not depend 
upon any physical model for the absorption woeoes, 6 In 
Strict terms, it states that the’ phase angle @ at a given 
frequency v depends upon the power reflectance R(v) at all 
Prequencles LromeZeroy to aniinity. “However, inv practice 925 
is only possible to obtain reflectance data over a limited 
spectral range. The fact that this experimental limitation 
does not pose a serious problem for many applications, may 
be understood from the nature of the integrand. It can be 
seen that a constant reflectivity term with zero derivative 
atsalleirequencies contributes nothing to @(v), and thus 
corresponds to no absorption. A constant percentage error 
in the reflectance for all frequencies does not affect the 
phase. since such errors still yield the correct reflectance 
ratio. However, themagnitudes of the optical constants are 
affected since they depend upon the absolute reflectance. 
The logarithmic term en{|v'-v|/|v'+v|} in the integrand 
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Gies in the neighborhood of vy and decreases rapidly for 
more remote frequencies. 

ine Local characters ort the KK intecral enables accur-— 
ate results to be obtained if the whole of the dominant 
Structure associated wath an absorption system is) scanned, 


and=thée rer lectivity ws approximately constant over 2 mod— 
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erate frequency range at the extremities of this region. 
These conditions are frequently met in infrared reflection 
studies. Liat SsSt eNO Ossi ble COrexc ude ine cContwupu— 
tion of the low and high frequency regions to the phase an- 
gle. This unmeasured reflectance data can often be reason- 
ably approximated by replacing the: low frequency end, 


Q= vs with a constant reflectance ee and the high 


ie 
frequency end, 


3 
ae 


ee ee with ea ‘Constant rerlectance 


InesexpressOonmiorsthe phase angle can then be.ex— 


Dressed aS (the (sum-ot three integrals: 
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T mp 2D} 
O v sy 
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ieee eae 
min 
in 2 f gnR(v)-knR(v_ )dv 
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max 
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Piet hatred Les 1one., tiles ssimp lit ying assimpLlion  ycannob pe 
made, Since experimental difficulties often prevent measure- 
Menus Detne “extended to suriiciently high or@low frequencies 
PonmcOver the = whiole on “the apserptdon band system.*° 

Mm these wceases where the rerlectivity, 1s stun varying 
at the limits of the measured reflection data, various ex- 


TO, CLO 


trapolation procedures have been used. lv-is gener— 


oviyeround Uhnay the ree ion COO ad intiiluences the conputved 
DIsaseVeryell tule. excep: in the immediate vicinity 1Ol ev 


So that 2 constant retlectance can be AG SNinEOL ee, Alterna- 


mar 
tiveny, an samMprovedsset or low I1requency Optical constants 
may be obtained by generating a non-linear reflectance wing, 
based on an undamped harmonic oscillator model. /@ However , 
the magnitude of the derived optical constants is much more 


sensitive to the region Cr ,»), Since most materials are 
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Chatecterizecdeiy intense.) Continuous absorprron frome the 
tar-ultraviolet to the X-ray region. Because of the local 
Nature ol the KK-interral. “it can be Seen that this ettect 
is MNOSte 41npOrtant FOr 2Oprttcal= Studies in the Whtraviole: 
avasOLP Minor Stenviicance= tor intrared measurements on 
transparent materials. 

Two°"Mmedn types Of approximations are found ihn the liter— 
avure.= One common type of approach is TO assume some simple 
behav ror er thetretlecrvance in the unobserved frequency 
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ax 
Co eee where s is an empirical parameter chosen to 

agree with Known values of the reflectance. ‘* Extrapolations 
based on physical intuition have also been needs = Cn 2.) LOL 
infrared measurements on a transparent solid, it is neces- 
sary that the values of n and k when extrapolated to the 
visible region be equal to the visible refractive index and 
ZerVron, respectively. Another approach has been to compute 

the error in the KK-derived phase angle by directly measur- 
io a Newopmuca | COMStAn hSe at Varlvouss requenciles miand «oven 
IaSsumine thes,error term 1S a smoothly varyins function of 
buono, Oo iosegne found that when the experimental 
range was Ou ee  ee)> all of these extrapolation procedures 
provided SoOodsopticaly constants Only over the range 

Oe aa ee it should also be noted ithat- none of these 
extrapolation methods are theoretically justified and they 


completely neglect all specific optical structure in the 


wing regions. 
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Anotner important characteristic of the KK antercral. 
[t375), as the fact that small reflectance values make a 
Parse conuributilon tO The computed phase. | lhlis,. the accur— 
acy Of the derived optical constants is very dependent upon 
the reliability of the reflectance measurements in the low 
reflectance region. A detailed evaluation of the sensitiv-— 
ity OL the KK method Co various experimental exrors:1s 
Siven in Chapter V. 

Although the KK procedure has been applied extensively 
to the analysis of reflectance data at near-normal incidence, 
Tio NOULesULLCLCOM VON ni SmwpartulLCilanr sbyDCwOneretlecuance 
measurement. Envelse Gio: Rees eve showed that the optical 


constants could be obtained from s-polarized reflectance 


Spectra measured at an oblique angle. From equation [1.35], 
eee COS tat te 
Ss cos o +CAtED) 
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lige Ve is expressed in terms of its argument, y, and power 


reflectance, Re, then: 


cos ¢ -(atib) 


oe re, = + 1 } ; 
Boe a ano) vy R_ (cos y LSiney) 


Separation of real and imaginary parts gives: 
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Ss S 
3) Ml Gass |S) ee Se ae (ies) 
1+Rs-2v R_ cos y 1+R_-2vY Ri cos y 


where a and b are related to the optical constants n and k 


by equattoncs fl 36 )}-and [1.39]. Thevangele ot incidence ¢ is 
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known and the phase angle is determined by the KK relation: 


© gn Ro(v) - Nn Rg(v' )dv' 


v 
e(v) = cele le eee P79 ) 


Law LG 7; Berreman?” extended this analysis toyp-polari zed 
radiation. 

The KK dispersion method has also been applied to ra- 
tio reflectance spectra measured at an oblique angle, 


where the ratio reflectance R is defined as R2o= ER /R_. 
ps ps Daas 


In this case, the phase difference, Aé6 =6¢6 -86 asegiven by: 
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ihe expressions for nm and) k in terms of Ros’ orn Ghoul aS 
are quite Somplicared, Although the advantages of ee 


measurements were cited in Section 1.2a, a serious disadvan- 
tage is the fact that the entire experimental apparatus must 
be calibrated tor the relative efficiency with which 2¢ 
passes s- and p-polarized radiation. Also, the noise level 
of a Ro Re Spectrum as,much higher than for a usual relative 
reflectance spectrum recorded at near-normal incidence. 

Hale 22 pu have used a modified version of the relative 
reflectance method in which a reference material is chosen 
WhoSe=ODLICa ls Droperties are: similar to thosesor thessample 
under investigation. The phase shift is calculated via a 
KK-transformation procedure analogous to equation [1.80]. 
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the sample, and he 1Ssothe phase angle for the reterence ma— 
tert aad. In order to determine Oo) Supplementary informa- 

TLON One the Cplical constants Of the reference materia. ds 

required. 


The KK method has also been extended to transmittance 


Sen ee ther 2porcop relates CUmspersion relation ae" 
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e(v) = ~ f 2 Gu) Cy dy POE AY | [esi 
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where t =a7 1 expCi eG) 
and d = sample thickness 
Tice ov) ese puncte Om Ot Nek pv, and de "Because these 


transmittance measurements are necessarily performed on thin 
tims, the Fresnel"s equations for t, Pee Ree senauol Lal, 2S 4) 
must ber modified to anclude the effect of multiple retilec= 
tions within the sample. The resultant expressions for n 
and k in terms of @ and T are very complex. °° Furthermore: 
PVC muni ie pili Ole tice sap les dS usually -depesi ved (on a, thick 
Pronspacett suUpstrates SOuLhe relractive mndex Of “cher sub— 
strate material is also needed. It can be readily seen that 
this procedure involves considerably more experimental and 
COMputetionsa Ly tame than the rei leetance method. 

Mae?! has recently proposed an alvernative formularion 
Of the KK antegral relations in which the associated real 
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algorithm), this method should significantly reduce the com- 
putation time. 
Another variation ‘of “the KK procedure vs the subtrac— 


tive Kramers-Kronig (SKK) aan, eee 


This method requires 
a knowledge of the reflectance and phase at a reference fre- 
Guen Cy one SO-cCavled i anchom point” | a lihnouehetiis secon di 
tion may be relaxed under certain circumstances. For this 
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Subtraction of this equation trem [1.69] gives: 
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The term in square brackets may also be written as a single 


integral,i.e. 
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this integral converges much more rapidly than the normal 
KK expression [1.69], and is less sensitive to the unmea- 
Ssuned spectral Trevions., Ihie latter property aseapoarens 


from? the error term due to neglect of the wine regions: 
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LOUsS Une Contributions trom the wine recions largely cancel, 
and this cancellation is more perfect the closer uF LS LO 
War 
Shes wrsh application or Chis SKK “procedure was in 1970 
by Bachrach and Boma 7° They used the analogous n-k form 
Ot the SKK “integrat<to obtain the optical .constants of solid 
piiMs Oi Cleands Llpr site thesvisibple region. = However, £1t 
is eenleted = who is largely credited with the development 
or the SKK method. He derived the expressions for the 6@—-R 
form Of the SKK anteegraly, and discussed the attractive tea— 
tures Of this modiited KK analysis. since then, this method 
has been applied to several optical studies conducted over a 


68,69,91 


Narrow iTrequency range, A more general form of the 


Sch sunct om INvorvine Multiple anchor poinvs, has also 
been Weed 
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Gere This methods ts, based!) on the classical damped. har— 


meonice oscil llaror model described in Section jodd-: 
Promeeqtailonsm ime ones (de ols| Candee o6ll een bemices | 
and imaginary dielectric constants may be expressed as a 


sum over Nvclassicad, oscillators: 


N ers Be 
e'(v) =e, + 2 —— 74 —____ fee | 
fat 02) 2 ey 2] 
J J 
; N SU An 
s Cope s lias | 
; 2 Dh va 
j=1 [(y, eg me 
where S., Ya and yearer tne strength Strequency., and jhine— 
Wie UeO Latine wae escalators, These constants are calied 


the dispersion parameters. 

Diem cule precedire Ole iv line are iecetance "Sspecunum 
GOnsists Of an inttaal guess of the dispersion parameters 
ang <>, subsequent calculation of the normal incidence re— 
Pic vance Lom: 
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eee naes 
R (v) = a Guanine a PPasc 
Cale Paty) 124 


and adjustment of the parameters until the difference be- 
tween the calculated and measured reflectance is less than 
Some Preseripea amount, over the frequency region of inter— 
est. 
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neverstihaveta physica lf istenirricance. However. this 12 not 
true tor “a spectrum *dominated: by electronic transitions. °° 
iv shoula "be rneted tharwhis’ 1s “an approximate procedure, 
Since lid Wepends pon ta particular model Aor the absorption 
process. The fact that it worked extremely well for some 
Compounds = indreatves thav at ais: a \cood' model or these 
barlicularm situations. he KK method) on the other hand, 
is exact and does not presuppose any model or band shape. 
Another shortcoming of Theveclassical ‘dispersion analysis is 
that thevwititing procedure may ibe very lone and tedious, al— 
though recent applications employ automatic curve-fitting 
Cogrnies: Also, more than one set of dielectric constants 
May wit equally well the sanie portion of “a reflectance spec— 
TouUMersSOseauULi ony must. Me Seieaeee. oo 

Recent measurements of optical constants show that a 
Gombinat.on Of acKhramers—Kroni@ and iclassical dispersion 


er eye, 


analysis may provide complementary information. 
comparison Of the cesultvs obtained by vhe two procedures 
enasles the error due to the limited range Of experimental 


data to be estimated. 


leo Property es (of Ba(C10.)5-H50 | 

Grysuallinescompounds suitanle Lor=intrared opiiea) 
Spldy Mls t Detavallablesas large, Single crystals with well— 
jdetimedstaces, Gapabple Of being polished to intrared op vical 
juclaiy- wilsee, “ther crystal structure must be well known: 


Ay turvher requirement, amposed by the constant reflectance 
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extrapolation of the Kramers—Kronig procedure, is that the 
ClAVeLa sve, tralisparent ein rie Vistble-re?i one 


The compound, barium chlorate monohydrate BaCClo O° 


3)9°Ho 


Said Si ies ed lie tneCSeatriuLeriaaw.: (Li lis: surprileimoewthieatanode— 
tailed infrared reflectance study has been performed on 


this crystal, since the analogous compounds, Troon) = Ae 
and oer ae have been well studied by this method. For 
all these reasons, and because of the need to supplement 
Caiiiitern studless sot Tone compound an thas laborarory, 


3)9°H,0 was considered an excellent candidate for 


Svudy. It readily crystallizes trom a saturated aqueous 


Ba(ClO 


SOUUtLOn Lopeive tairiy saree. colorless "crystals ot pris= 


matic forts) Me solupbilaty and density characteristics 


of Ba(C10.)5:H,9 at various temperatures in aqueous solu- 


ae tae ares given Gn Table 1.2. Morphological studies >*° 


pea oye 
have snown Uthat” the prismatic axis is the ¢-crystal, axis, 
that the m planes {110} are the most well-developed, and 
tiateereavace sc perrect: along {LOLI} and dastincte “alone 1100) 
Cireeia Ors 
The first detailed X-ray study of Ba(C1l0.)5 
04 


Carried out by Kartha- in, b9oZ. | Prem single-crystal ro— 


"HO was 


tation and Weissenberg photographs recorded at room temper- 
ature, he determined the crystal to be monoclinic, space 
group eis (eee b-axis unique, with 4 molecules’ per body— 
€enrered Unit cell. “and cell: dimensions of: a= 6.6620. 02 . 
b = 7.80+0.02 A, $= 31552002 A, and @=93°26'. A later 


single-crystal neutron-diffraction study by Chidambaram 
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Tape ao poOlUbilaty sandsDensaty Data tor Ba(Cl0.,)._°H O 


2 
at Atmospheric Pressure! 


Gms; BaCC103)5°HoO per 100 gms. 


tO Clmespaet wo tcat ool of Sat s.Soln 
@) 195 16.90 
10 Ve234 Dileeoe 
20 eo (At 25026 
25 1263 We faye 
30 iieacubspr 20na3 
40 eS 55 33.16 
60 {238 AO 705 
80 125038 45.90 
100 1.580 Sie 


‘values obtained from Reference 102. 
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et le pe IMs LOGS contirmed these basic findiness but modi— 


f2ed The ser of room Temperature unit—céll parameters to: 
a= Sro1GsOror0 A. = 7.832+0. 008 A, = oes ool and 
B=93°39'+7'. These crystal structure results are summar- 
1ZC0 sins sya Dleseltaon 


Ine Projection, of tne structure of Ba(C10.,)5°H,0 on 


thes Golo) (plane. is 1idus trated, in’ Kagure 27s selaerchtlorate 


LOMSeaLewsituaped Onesies oO. Ci Symmetry and possess a dis- 


torted low pyramidal “contiguration with an’ oxygen triangie 


° 
of average side 2.377 A and chlorine-oxygen distance of 


ie) fe} 
iv2oo A.” The ‘chlorine atom Jies at a distance of 0.57 A from 
the “oxygen plane. These values are in good agreement with 


those found in KC10., and Naclo,- (see Table 1.4). 


+ 
The Zoe 1Ons and water molecules are both situated “on 


sites of Co symmetry, Prom Figure 1.7, it can be seen that 


Sieve wis sOn Ly Glee Ortenvata1 On On wie watceremolecules rn 


Ba( C10 "H,0 Crystal. 1m which theyproton—proton Vectors of 


39 
they various water molecules all lie parallel Lo one another. 
Thus, the water dipole moments are aligned along the two- 

foldmaxis . 2uresult witcen was ieariier  predicred by spmr find 


Tica os a The crystal structure also shows that the 


i a safey 
WotLer molec e has jan s<O-H bond distance of 0.95820 7011 A, 
and an H-O-H angle of 1LOR7 24) Since Whesewaluecmare 
VorwisiMmi barstO thoses1ound in a tree waver molecule 
(0.9572+0.0003 A and nods O COS ee | this suggests that 


hydrogen bonding is very weak in this crystal hydrate. 
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Tab Le to Crystal Sot ructvuire Data for Ba(C10,).,-H O 


103-105 
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ppace Group: I2/¢ (C,,” ) - monoclinic (Z= 4) 
Habit: prismaties (00? | 
Cleavager ay OlIs™ perrect,, {100} .distinet 


CellVdimens Ons. a= 8 .91620,01L0Al b= 7.68220 ,008 4, 
O, 42520010 A, @= 93 80 275 


C= 
Table 1.4 Average Dimensions of the C10. Ion in Different 
Githaresgses 
Distancero tf Cl 
Angle from oxygen 
<C1-O2g, <O-O>,, <O-Cl-O>agy plane 
° (eo) ° 
Ba(C10,)5-H59 1.485 A Zeon oA NOGmoe OO 0B 
KC10., eee ay aN 2.00 4 107.5°! O.54 A 
ie) 12} fe} 
NaCl0. eee A. 2.00 A IRC ete O.48 A 
ap 


These values were incorrectly determined in reference 100. 
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Figure Ie7 "Projection of the Structure of Ba(C103)>5-H90 
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Redrawn from Reference 105. 
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Because there as sonly che kind of water molecile in 
the crystal and it is located at a site of relatively simple 
Symmetry, Ba(C10.)5:H,O has been the subject of extensive 


POGOe Oo 110-112 


proton magnetic resonance, deuteron and 


oxygen-17 ae nuclear quadrupole resonance, and inelastic 
neutron Seats Oe experiments. These studies were 
DLA Mario CONnCerned WilbheunNe dynamics Of walter movdon an 
CHeecrysvcal. Soeveral aie, nuclear quadrupole resonance 


ee ee have also been performed on Ba(Cl1O 


3)9°H_9 im 
@rder slo probe the reortentatsonal motion) of the chlorate 
STroOUup- 

Dy ECOMUrast. very sllmuler OoLIcal data. a6 cava mab le won 


Ba Golo -H,O. Thetervyvetal as monoclinic and so belongs vo 


32 
tiem vbeaxra | Optical sysucm With only the bp-crysual axis 
COUNCINEni WLUh Ole 1 the opvical iandicatrix axes. ~The re— 
Mainine Cwo andicatrix axes Iie im the ac plane, and their 
POSLtPOnS Cal vary With frequency. Only atv vhe sodium D— 
line, has the relationship between the crystallographic and 
imdieaurix axes been well—defineds At this frequency, the 
Cuystulsexn aD Lbs wsvrone PLreirincence fol positive Optical 
shea oe MVE SOO aC wa xa | Suen: is (OO). and theretore, 


b =.8., Hicure ll )4 iilistrates the pelevanu <eomeury Of vine 


: se. lB OFS) 
Hew elrveatalimolanes tue aciue, DISeCLUrix, yY. Makes an angle 


Ofl22n(> with the c-axie in the acute alc angle 86°21 2 and 
; 104 é = 
the angle between the two optic axes, 2V 5; alk) Shey = 0) gi 
: : OS D 
Mie principal refractive indices are ete wee Ore, 


a 


(a et fafa eal cl ny = ln 630%, 


64 


tag: BY hnoealtye 
si feeteont =H pe ai cin ye aa aaa yi 
men oulhu ts argh minientt vem: " piper 
fe upitom wit To wo aeirl: a ' sl rs 
masini (107 ieee 6 aye * ) o1meee Lacie : 

wt ig gi Migs ae ap ASmMeakseT Chien cal Th. cee (air ores 


wiblietie ans Marte done Exeh islet roer ial’ eee ee pee 


oO) agnmies, ae Of afl) Svion a Hy ts See Digit ¢f gO me 

<sup LiteWesed Slt vine 4). fondys Teas Ae 
a 7 _ 
o- F a DiMarco late. i oC le itm anag ta na 
foul? Geek —_ fetalee Gis Ov ievei4 bait al aeap nae ~~ yee 
2a] j its iT ti ht ily Y! s le Lay sH : frag, 
wt") 

ind q lnyer* ay “Tey ‘eon. boa tae as née 7 it 7 
J ; _ a! 

Cyii/y » Pini i wAF J Ls { i Ie =) iy f oad -288 “ : 
DOs fe) | ee H Tey Doris "74 a ee FC) ai th baad oréasd 
Sees) una. tol ' tat) tétat etn eae oe 
Nd «Pia VIIONHsS Shwe? o1SR Bhs chiph Nieto. hi 2 i< 
gyi, aes 


she av Getam (5% ee ain road stp 
lan “LE OR ilsone ut iy 
BE hat ‘i : 
ai 1h on 


65 


The Wow trequency drelectric properties of Ba(C10.,) 4° 


tA 
a 


HO Single crystal were studied by Khanna and Sobhanadri n 


1973. They measured the real dielectric constant, « , and 


fi ! 


the loss tangent, tan 6 (where «'=ec' tans) along the three 
different crystalline axes in the frequency region ion to 


ue Hz, 


“Tands fOr temperatures ranging from 32 to. 325°C. Very 
ULGuLesalisouropy was Observed in the Limiting values .oO- 
the real Ore lectrecsecoms vant at LOO KHZ. that, ise at. coom 
temperature, c' =6.88, 6. 0Omand 6286 alone ihem—) pi. cand 


@-axis, respectively, where the x-direction is perpendicu- 


ar to the be plane.» They explained the higher value of 


! 


b 


erystal axis. However, these authors did not investigate 


e. as due to the alionment of water dipoles along the b- 
Lie, Oren t auton Os sthemGOptulme axes Wit respect TO imercry>s— 
CalLloerapiic. axes.m his, no conclusions can be drawn arom 
themrelative mach tudes On stheim *measurederealedielecrumic 
Goustante. “Better evidence tor their assertion 1s efound in 


hf) ! 


the different frequency dependence of ED compared with eo 
and one Only in the former case, was a loss tangent peak 
observed at 4 kHz, which disappeared at temperatures above 
I307C. the temperature variation of € revealed a sharp de— 
Gtrerseuctaniiie around 105 © 95 © tor ~the Dedirectien) and 
COUtCMiiMne VUntile lo, Ge where it began to increase sagain. 
Titempelavior Vac uamlriputLeds to, loss Cl ther warer sof ciuys— 
tiblizecio aA COMDhiatwiLon, Of thebcurrently savailable sot i= 


ea data on) BaCClo *H,O is given in Table: 1.5. 
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Thesstructural changes accompanying the dehydration pro- 
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Tablets. Opticals batar tor Ba(C10,),°H,O 


Monegclanic, -ollass 92)/m 


at Nay, strong positive birefringence 
Optic axial plane (010) 
b = 
Coy ono wine he acute ane les eo 2 
aso= 20 oa, 
is 5, 8° 
i 20 S609, ae Sil.sei, ae = eos 
a 6 Y 


at LOOM ih weranCdar@om temperature’ 
= (bp) ese 
e (c) =6.86 
e (x) =6288 


‘Reference 122. The=x=direction is normal to the be fe SletiaNe 
These authors did not investigate the relationship between 
tiemindiveatrixandecrystalvoocranhic saxes in tne ac plane. 
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cess in Ba(C103)5°H,90 Were WNVeEsiad gavedibye) Areas (er Pan 
who measured the ct nuclear quadrupole resonance intensi- 
ty 2S) a tunection of the 1ossiof water. They observed 2 


SvecoMoec line In etie = itensity of the NOR isaenal apiece ap— 


proximately 3° mole % loss of water; further water loss re— 


SUP Te Sina much lessspronounced isieneal reductaon.) lhese 
findings idicatved thatwithe dehydration occurred in two 
SLaces pe Lie =pnoposed’ mecianism was: (1) water vacancies 

Srey ereatedwal OrLiecrenmelaluLeGe (Sites. and arterea tcratical 
SUZ, Oimolusterers) LoOmmedwaG.). ( hesemvyacaumolics aeu as muCched 
around which continuous regions of the anhydrous phase begin 


to grow. This mechanism was also studied by thermogravi- 


TO, LOS 


meviy, \-lay dittracuion: fand Raman spectroscopy. In 


the thermoecray ime bir c qd esig. o° the water loss was moni- 


tored as the BaCCclo -H,O samples were heated in a vacuum 


3)2 2 


@ven! lav —auigkxed plLemperature and for a fixed duration. — They 
found that at room temperature, the dehydration proceeded 
elowly wey told ino va maximum loss "ot 1078 mole water. sat 


(546 


5) 


the dehvidraviow was ‘complete. The activation ‘energy ior 
Hite process: was estimaned from the Tsophermal decay times 


OP betes olinesot (H-O imine Raman Spectra or powdered 


fh 2 


As) 


Bat Gio -H,O Somplesm recordedal various = vTemperarvures, 
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For nea seumed ti UStmorder reaction, they obtained an cacui— 


Vat bonenerey) of Ia) eV/bond and a “frequency fLacuor et 


See alee: Seraee Untortunately, they gave nov vdetiai ls of 


mete rlen ta itomiur cic was. <themmunver ot gdalar pol nie 7 vie 


thevdehydration was suddenly “accelerated; and at 135°C, 


67 


@ Trelvpoerics “et ae eke Oaisaf oth tu 


=e Of quit miase ae np heave: adh and 


ang: GRol WoO 4 i rte asia re oa: se Oye trae ce 


— 

apeuT jal tohet banaie tsgen0ot7 sal) a's pha? co 
af piatwth iy Poe estat ol pan? (bie (ie égutoatt* 
sare a Tow, § 1). eee Ted Laenaauge ait - nega tae 
pda i277. | =) <eudbe, oa! ; “in eh Se alc atabid - 
- 

felmtiina wi Jt iqntapls Seeeti(£ 1) purbicg) ai Te 4mgts ya, al 
rPrepapeu Gove. ie jueery be eens: 
rneen’t j forbbdte, Jeb ageuteidudea Cie ere i" 
Poe Mee Th) ars me tiie brit 4 sse@nik cats, ee 
ps ow Hebl 96 Th ;, a At¢ 4.5 0 (2p hehes tga eak? 
bel zen 2a Cg Pe i ae 
. . 
pot my iva HW; ‘Lise et Hui orn henge “@ 9e8* 
it ol uoligifestab S64 9, 1rominet woot 25 Gee 

Sales hit st. Lo eket>euunatedm OF Srceieey xt 
y » aval TAT yi ee Se ie Pre! sw WI! rer qi —, 


i L1ey.tonh @fT Ggesitiinies say Ne Shaye 
; : 


wii ooh Lewtedeoee oud ert, Bese de oe ene 


La ol Bs » a t sf) | lic’ es: 1 bgt Ww mrad - 
A? tai wage? vulpes tm nalaads ears i) 23 


Se - 
sigea) Bh Hani pio ge its es gt id! 


aa ; 
’ rit linens 


ba Ne Vareues I @ 

Ye @) non 

- - a 7 a 
ps wan , 


. ra 
a ; a 


7 


temperature range or validity, the estimated uncertainty in 
these values, or any representative data. 

A subsequent kinetic study of thermal dehydration in 
Ba(C10.)5-H,0 bY Guarini’ er rier showed that a Single kin- 
cure law could not tutlhy explain the process. " Their dititer— 
ential scanning calorimetry experiments also indicated that 
diitterent Kinetic laws a@pplied to the single crystal than 
to. they polycrystalline, materi al= 

In order to elaborate the structural differences be- 


125 


tween Ba(ClO =f-Os anc BacCclo Vargas @€v al. recorded 


3)2 2 39° 
the room temperature X-ray powder photographs of the two 
compounds. They noted significant differences in the powder 
patterns, “thus COontirmiie their convention that <a structural 
phase transition hadseccurred. This finding contradicted 


Beg is who had observed lit-— 


the results of earlier workers 
tle difference in the powder patterns of the hydrated and 
anhydrous species. From the measured spacing of the powder 


Pines. Varcas, et Aiea deduced that Ba(C10.)5 was orthor- 


hombic, “Space group Dosa )y with lattice parameters of: 
A=11.74+0.01 A, B= (67020707) A, andGe— le. oo 50,00 A. This 
Structure can berconsidered to arise from a doubling of the 
Slightly derorned unit cell of Ba(C10.)5-H59, with the com- 
On wast see anda ate ly C= ac. 

The anitrared= absorption and Raman spectra of Ba(C10.,) 5° 


Heo ands BecCl1oO have been studied by several research 


2 39 


eroups,. Because Ba(C10,)5-H,9 is a centrosymmetric crystal, 


the rive of Mmitual exclusion applves) ise. Raman active 
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bands are ianfrared-inactive, and vice versa. “Thus: a com- 
plete vVibravional analysis requires both infrared and Raman 
measurements in order to assign the ungerade and gerade 
medes = respectively s = Inethe following account, the rele— 
Van yspect ral. Investigations. "carrled ioutva fvers 952 “are 
briemly surveyed] * Unless otherwise specified y the "spectra 


were recorded at room temperature. 


WHE, 127 


Milverte: ale obtained inirared “spectra (of 


OMe een 62000 and aS COOmenma 


Nw ,Ol emul lS of Ba(Cl0.), 9 


this work Comprised pant \ot “ai systematic investigation of 
the am bared spectra Of Mnorgcanic “Substances Jeand No attempt 


at vibrational assignments was made. In1956, Rocchicci- 


128 


on aly measured the spectrum of anhydrous Ba(C10.)5 in 


nujol between 270 and 1900 cue However. Morspectra “are 


presented in the paper and only the frequencies of the ab-= 


. L229 
S0rpULONM maxima ore reported. “In LOV2), Pukushimave! ae. 


measured the infrared spectra of polycrystalline samples of 


Ba( ClO. ).H.0 and BaCclo = 


39 2 39 


THe primary Objective of their study was to obtain qualita— 


-D,0 over the region 30=4000 "em= 


hiivemspeecumbal da paw tine ordem to conprelare the nature sand 
Strehieta or ehydregen ponding in various crystal hydrates 

WiLmMmet he eeneral “appearance and frequencies of the rotational 
vViprabaons “Of the water molecules. The water rotational -and 
translational modes were distinguished ton the basis of their 
isotope ratios Cvy/Yp)> but no further assienments were 


made. 
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Dit O 7S #5Bernie er ae performed an extensive study 
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TO 


OP SEneo int taredeandehamanespectra.O1 polycrystalline and 


3)9°P_0 aioe GOS karan 


298°K. The Raman and infrared spectra were recorded over 


Single-crystal Ba(Cl0O -H,O and Ba(ClO 


32 2 


the regions 40-4000 cm7+ and 90-4000 cm=!, respectively. It 
was found that the Raman bands were generally well-resolved 
andeexh iba ved clear coolarizaiivon behavior, co Wabrational 
assignments of the gerade modes were made with a great deal 
of confidence. However, the infrared study was complicated 
DVEDLOAC Sc UrOne ApSorpeLonasperticularly inetheschilorave 
stretching region (900-1000 cna L Wien Made: esd id fi cud 
tO determine the true number of active vibrations and their 
polarization dependence. It was thought that reflection 
effects and combination and overtone bands were largely re- 
Sponcr ble ViOr tniesaopecEraledis vOrtion.. “because sume: than 
nest crystal they were able to prepare was about 20 um 
thick, they were unable to clearly resolve the fundamental 
2bSOLrDCLOn. 

Insel SHAR Beni apparently unaware Jot sthe detailed 
infrared study by Bertie et eee essentially repeated 
some of their earlier experiments by measuring the spectra 
of polycrystalline samples of Ba(C10,)5-H,0 and Ba(C1l0.,) 5° 
Do0 Hilo Wane, ol keri nk Ss Male ty beLlesth. Wes ali une 
assignment of the water vibrational and librational modes. 
Although his observed frequencies are in good agreement with 
the values reported by Bertie ev pe ge hissassiguments of 


tie Lloret tonala modes Are ditLierent. 


The previously mentioned Raman investigations by 
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VaderaS sete ia... conducted in the late 1970's, were 


Onlvwaudsed sos a sonvyelcadlemeane, Of monitoring the soumicturall 
changes in Ba(C10.,)5:H,0 Guring»the dehydration process. 
They also recorded room temperature Raman spectra of 


Ba(C10 “HAO baGGLe -x H,O, where O<x<l. 


3)2 2 3)2° 3)2 2 
Their spectrum: of Ba(C10,)5°H50 is Consistent with the cor— 
30 


and Ba-CC10 


responding spectrum of Bertie et ee reported at 298 °K. 


3)9°XH,0 Could 


DemluLerprelLed) as, 2 linear superposiihion.of thepspecturaldue 


TReLESopeclravor  parmtialins dehydrated BaC Clo 


€oebne fully hydrated and aniydrous species, 1ndicatinge that 
the two phases coexist. They also found that, when the sam- 


ple ~or, BaCClo -H,O was heated above 85°C, new chlorate 


39 2 
Susetching and deformation modes appeared shifted to higher 
and lower frequencies, respectively. In the lattice mode 
region, the various band intensities decreased steadily with 
increasing temperature; at =90°C, the modes were almost com- 
pletely extinguished; and at higher temperatures, new bands 
appeared shifted to lower frequency and with less fine 
structure than those of the room-temperature single-crystal 
sample. 
: M2 : 

Pio oe noe nen Mar eos. remeasured the infrared 
spectra of polycrystalline samples of Ba(C1l0. )5-H5O and 
il 


3)9°D,0 at 90°K, over the region 2000-4000 cm. This 


WORK IGonstupuLedepart Of an investigation jot several colid 


Ba(C10 


hydrates, whose objective was to correlate the isotopic 


LapLios Vv OLethe water stretehing trequencies with v 


on/ Yop OH" 


This edate avas also aneluded in stheir scorrelation curves. be— 
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Later that year, Lindgren and Eriksson! °* published a more 


tween deuteron quadrupole coupling constants and v 


extensive study on Ba(C10,),°H,0. They extended the infra- 


red measurements on powdered samples at 100°K and 298°K to 


40 eats Of particular note, they observed a weak band at 
457 em, which had not been previously detected. Their 

eer. and Vvibratwvond | ASStammeniese are in £ood 
ao reenenG. wav svhOSse 1Ots ae tit tered pie However, in the 


region 105-110 Sipe Beriure ev al. observed three strong 


bands, whereas Lindgren and Eriksson reported only one 


strong feature at 109 on 7. This apparent discrepancy may 


be the result of resolution effects, Since the studies were 
performed at resolutions of 1-2 ein and 3 ones respect-— 
Viele Wie Olly SOtMeIaS lO) IhLOCon tls cle pamG yess OU Okedm 


their different assignments of the water twisting mode. 


Lindgren and Eriksson assigned the weak band at 457 em7+ vo 


this vibration, while Bertie et al., based on earlier deuter— 


on magnetic resonance results, *> considered tne water twist- 
ing and wagging modes to be degenerate at 395 oni ge 

it should be noted that a great deal of controversy has 
been associated with the identification of the rocking, wag- 


Sitlce sand tWaSstIne Vipratrons Ol the water molecule in 


Ba(C1O "H,O. Mguresiec 1 Litistraves. the form ot these vil— 


3)9 
brataens and Table 176 compares the’ various assignments that 


have been made based on ieee inelastic neutron scatter-— 


115 Toni 134 


Lie and initrared studies. Consideration of 


Licsiremiunoralvowe come sdualltavive predictions tombe made 


72 


_ - ro 7 aS ae 


- 


th 
vam at aurea, Pvc! 
ex here Sete sme + tepKt 


- 


Lovtns arty inthe eo May ok (NT TU WO vaore ev taned? 
ie BIOLE Hen BOOT ae galqmnuz byeie ting, | oie racemes BOE 


: i« | 
ia fred AAm a waiaayeowitd pation ele aie may nb OD _ 


te 
Tent iw rooiet ECAR ea, Mest for ted meee, a TS 


fi ._. was SEL ey _ 
BOGg Gi #14 atienapiaey tan Ce Nee oagqe 


rn 
iw a quyewnea she Say, ea, 915 : Ms t'e JoamnoTye 
+ “u's muy <¢ m OT L-f0f getget 


by fgo .yiesreqes avegsati4 i i oe secets \2baet 


megn2cer® Youteqqe ‘621 ha vrptagt grote 

com wept ws Mie ,aloGkln ao ao) So Diseert GAl a 

=fOOn80 a Tne bk Usd Sines ‘sf ] LAnep ta hanttottsy 
wt bee b. yuadaqe toe ih se ‘ Lau eat gre : 


ui Ame ets 1 tic owt retvib isd? ; 
i, | [ae Pe ial gew sit Hat: i aa “: cs Ces asirghathd 
vatveal yetite# we! Se age A ee SP rt) 91 wptataly: Bidet 
aYatve weian wid jWwellfanss ci in ‘9 ome ot sent 
. vo 28 her @7nsgege0 ef us ‘oon ge iagasr tee grr 6 : 
_ 
ved Vase vetato biy AYR, Foes pPoatne; tesa | ble wt 
g60 jyettans 672 To. celts iPrenehi an) Mee ll a 


si ellweoler nsw. ws Iw enolTaniEm sariormws 


mas) 
‘ada 7 


= 


ab é E 


= dtp yaad "Focal Gis - ¢o3naieud My Fel een Ot of 
jada eingayioaa alGitws CmP eyitaymen « |) iter ban 
-s9P tome Rotign atc (esi awh ie Reeed ome 
bev nila wba are) titan a PES seule 
ailing aco uae aebvede TLA@ECT . 


a hee twisting axis 
W— wagging axis 
R — rocking axis 


Pecures yo s Lhlustratton wor “the lipratvional modes, Om ay water. 
molecule: 
Table 1.6 Frequencies Assigned to the Librational Modes 


of the Water Molecule in Ba(C10,)5-H,O 
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Per 


about the expected behavior of these modes. It can be seen 
that “during the twisting motion, the directions of the in-— 
duced and-equilibrium “dipole moment are the same. Thus, it 
might be expected that absorption by this mode “would be rel= 
atively weak. ©"Iinviacyy Fora water molecule Vocatred=on @ 
Suc, OF Coy symmetry within the unit cell, the twisting mode 
should be inerered=inactivens = In’ the rockine mode, the 
hydrogens move in the plane of the water molecule, whereas 
in the twisting and wagging modes, the hydrogens move out 
Of this HOW plane. FA neurron=inelastic scattering experil— 
ment should be able to distinguish between these two cases 
by using different directions of the neutron wave vector 
transfer relative to the proton-proton vector. Thaper 

thes) 


Cin aux performed this experiment on a single crystal of 


BaceLlo -H,O and found that the rocking mode was to high 


3)9 2 

frequency of the other two modes. The water librational 
assignments can be further assisted by polarized spectral 
SrvuCtTes On ie Single crystale Oniy: ine tie twist ine mo uion, 
is the Co Symmetry preserved. The rocking and wagging modes 
belong to the same symmetry species under the Con unit-cell 
Sroupeana it they ame close in irequency,, they can ecive 
rise to mixed intramolecular modes. Bertie ev ioe have 
Studied the polarization dependence of these librational 
modes in Single crystal Ba(C10,)5°H50, DUteinOlLrerestiit said 
NGOte Pern peanc Lear dus tineton ib0.be.made. 


10) WEE 


Normal coordinate analyses have also been per- 


formed on the water molecule in Ba(C10,)5-H,0. Bertie 
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et nie calculated the effective intramolecular force field 


in two ways: directly from the observed stretching and bend- 
ing frequencies, and after correction to their harmonic 
values. In this latter calculation, the gas phase anharmon- 
icity constants were used for the stretching modes, and the 
anharmonicity constants for the bending modes were estimated 
from the fundamental and overtone frequencies, according to: 
Cr) ye) ye + (vth) ox, where We is the harmonic fre- 
quency at equilibrium and Oe is» the anharmonicity consvant. 
This second force field gave excellent agreement, with an 
average error of 0.046%. Eriksson et hiner repeated these 
calculations but included their observed librational and 
translational water frequencies in the analysis. These ad- 
ditional frequencies were uncorrected for anharmonicity. 
Whereas the deformation frequencies were corrected in the 
same manner employed by Bertie et Fe eaeoe the anharmonicity 
COnSstanes 10r the stretchine vibrations were estimated from 


the observed OD and OH frequencies of isotopically-dilute 


HDO molecules in solid Ba(C10.,)5+H,0 at 90°K, accordane | CO: 


OE a Cee 
\ODpene ie aa Mere 


w COD) 


where p = —-=- 
w , (OH) 


This procedure gave calculated harmonic frequencies differing 


by 11-14 em + from the corresponding values of Bertie etal. 
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US ine Vie MesullS yor “rel norma brcoordinate analysis: 


BriksSon Wee ee corrected the stationary-state neutron 


diffraction values??? of the O-H bond length (0.926+0.010 &) 
and H=-O-H vangle (107 721e4" )) of the water molecule in 
Ba(C10.,)5°H,0 FOMeCnIeRe ite cts ol Gri gid=-body (libra tiona meand 
anharmonic stretching motions. They computed correction 
factors (Of 0.034 A and -2.2°, respectively, giving equilib- 
PuMe va ues <0 tf 0.960 A ni CeO Seu This correctvechivalie: of 
the O-H distance is in good agreement with the neutron dif- 
Beacon valuc of (a5 sO S01. obtained by Chidambaram 


(EAP ag 8 AtcCer sCOrrection vLOr sthnermal motion: 


ieee lirared Opgicaleconstant Studies of olds 

In this section, some of the Significant developments 
iene Study Or inirarcd OplLLcal properties of solids) sin 
paGu7ecubar, ~molecular crystals, will be described. This is 
not intended as a comprehensive review, but as a guide to 
the type of compounds that have been studied, the informa- 
tion derived from these studies, and how the research has 
shitited trom a squalitative to a more quantitative and derin— 
LLLve approach. 

They reasons, Ton Obl ainine optical constants are bigniy 
diverse, | ine loos, RObinson and Drees outlined, the Kramers— 
Kroude Chk) procedure 10m the conversion of reflection data 
TO, Optica leconstants. The elimination oi the tedious, eraph— 
ical analysis generated a renewed interest in such measure- 
ments. However, some of the earlier studies were apparently 


Motivated by the novelty of the KK method, rather than a fun- 


a) ete oo lw anTaWe oe On ob. i 


ha earencntiel GeomaiageR SH STo<t he oe xe east ev 
entering 24 /UiON RE Cknhe ioe wntdeeenaRTe coradne 
a 1<5\0 to as 


sl 


sécilie® gaitig TFA CS ‘ 


6 


i> Gna? veicetIG? #1 E E.80i tun A 008.0% seauvlav wns 


> 
7 en. ae 
~T ee. neg a7 Oe wy ok fiehre Ts at enna tath G-O wp: 
. = : i : 
Peas awe ei) “4 Lian 7 ‘ Tra _f / i. pe >i we) wae f. aot fon: oa 7 
_. aor 
Gitvon tonsa * -_, rmeiTs e 


ag od 12 wht pw 37 1k oo ar | tsa » ta antes 7 ; 
, 

_ 
a 


‘ene lesst CRD Mba ls 8 FO ons. he oom RIGS ot 
aL) ee « Ty ATC rly fA i ‘i ’ C0 wees oar ar 


i ra | ray da D ) Te (sie salah 
i et Bing 20,0 fod: one fant olelians Se” ie bobanhad om 


Se pts a) Dui)’ Tel (BY ea of iis waa 16 cnet ga : 
. aot “SL, Meet idk (SER gy coh find Bote 


o¢ 6 


y 
enrTealy Die iWtTAY. iiaue "ye 5 Gy} We icgsé i nisr 


ool Tae! Iai iside. 46) Jee, SS 


‘ghd td ae ay (eet ei 

~epamrde.aits ton tyne *.dtt bean reeneaet Chey ae, 
: Je sent ; - 

Tum. Gebrue per Tie bectengrtity aa ad oe 


ubiets quaray giz td eas aay ; 


Saale + pee 
on 


CL 


damental desire for the optical properties. For example, 
ine PUSCe PAD DOT rand miskvouye oe measured the infrared absor- 
bamee specrrum sandsdichroism of crystalline acetanilide. 
Because of the very strong absorbance in the C=O and aroma- 
ticyC-Hsbretchine resions, they corrected their observed 
Spectre Lor srerlcetiongeitfects. Acetanilide 12S an orthor— 
Hhombie erystaly so thepindicatrix: axes, which defane the 
GOpPrecv ronson) theviransicaonimoments , are coincident with 
the .crystaliocranhic axes.) Thus, Abbott and Blldott mea— 
sured both the reflectance and the absorbance with the elec- 
CeLervecvor Ofgthe increcnt light. parallel Loveachsoi. cue 


a-, b= and c-— crystal axes. These authors reported that the 


Optical constants were determined in two different ways: 
from a KK-analysis and directly from the measured reflectance 
aioe r-crystal land a NaCl—-crystal anteriace. “They stated 
that both procedures were in good agreement, but they did 
hoteoresenU anyadabalto substantiate this claim: 
Bariyecandidares for optical ‘study were compounds which 
were readily available as large single crystals and whose 
eryvstalestructure and morphology were well-charactverized. “An 
examples is sypsum, CasoO,+2H,50 WwaLehwvoccurswas exceptionally 
lipgersingile eryetals Vinenature: ~ligas a menoelinic crystal 
DoLOneIne Tho VpaAce ssroup Grex (G2/¢e), with the b-axis unique. 
TauSvatsein thee case oF Ba(C10,)5-H,9, only the p-crystal 
Ae ecOimeloesawi baw ones ot the indicatrix axes, forgall 1re— 


13 
qMencaes sealnalJo6,ehaaseand Sutherland . measured the near- 


normal incidence reflectance of the (010), (101) and (201) 
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Laces of Sinplre®ervystals oT CasO,.2H,0. By varying the pol- 
arizer angle, they determined the directions of maximum di- 
chroism for the various bands. As expected for the (101) 
anda (201) taces., the AS bands exhibited maximum dichroism 
when the electric vector was parallel to the b-axis. These 
ATPOOrS ethene deri ved sblc CcOLrespOnding vopticaL scons uants 
from a KK-analysis. Following the procedure of gas-phase 
spectroscopists, they determined the band intensities from 
JKvdv, whereas the relevant quantity in condensed-phase 
Studies 18 fe vdy Csee Section 1Jld). For comparative pur= 
poses, they also recorded polarized transmission Spectra or 
EbewCOl0) “faces, using "a loim thick sample. These spectra 
clearly demonstrate the superiority of the reflection method 
in defining the position and contour of very intense absorp- 
tLOn bands. 

Another class of compounds whose optical properties 
have been extensively studied are the Dibaao ne nadisee 6 EO 
because tiey Exhibit @<selective reilection of radiation an 
the infrared region. This is referred toas the reststrahlen 
band, and 1S associated with the fundamental optic mode of 
vViarationsinewhich thes lattice of alkali dons moves. 1e0> 
Oib-OL-phase wit tic=latleuce ot halides rons 2 Ay typical 
Peststranlen specrrum is shownin Figure 79. It is anterest— 
ie eTo nove lial tom an ideally 1Onte tervysetal with Zero 
(anpine sper retlecurvity would reach LOO}, the band of per— 
bectereii1eculom exlenging trom the transverse optic vo long= 


LLudina lL Opt Lc fecuiieaver = The influence of damping on the 
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Figure 179 "A typical restetrahlen spectrum. 
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reststrahlen peakmaximum is illustrated in Figure 1:10: This 
should be contrasted with the behavior of an absorbance 
Spectrum; Tor whieh inereased damping primarily affects the 
peak width. 

Because thevalkali *halides all possess 4 cubic Lattice 
SERUCUUrG. their Opticale properties are SeUrikingely similar. 
For Cxample, they ail display subsidiary peaks on the high 
rrequency side of the vrerlection maximum. ~‘ The Lsetropic 
Mavurewotvtne alkalimnaliges has considerably simp liaied 
Diewrequistie opr icalwexperuments: nNO@Special preparation of 
a particular crystal face is necessary; the incident. radia— 
tion, does not have’ to bevpolarized at normal incidence: “and 
beam convergence does not pose a problem, as it does in the 
Study Or ani scouropre erystaleys ° The absence of these com- 
Ppiltcating factors enables a clearer” anterpretation of such 
studies as the temperature dependence of the optical con- 
stants, 129:148,144 

Because=oOn Theswsimplicity of the reststrahlen speci rum. 
many workers have analyzed it in terms of one or two clas- 


139,143,144 
In some 


sicaily damped@harmonic oscillators. 
Gases, the determination of the optical constants has been 
almest incidental; their primary “concern being the  lonesitud= 
inal and transverse Prequenciese-< which are readily given 
by the =dielectrie= function Sie (See Section 1.1d). ‘These 
frequencies, in turn, define the eiifective charge of the pos- 
itive and nesetive a0ons, and give a measure of the relative 
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Another =eharacteristic Teature of the reststrahien band, 
ang wimdeed the reflection band associated with any strona 
20SOrption process, recorded at near-normal incidence, is 2 
pronounced minimum on the high frequency side of the peak. 
It has been found that a KK analysis frequently generates 


physically untenable negative values of the Extinction co— 


27130 


CiprGrVenv i ) 4 eilise Reoton:. 


bf 


Since the Kk-integral 
1S acutely Sensitive Lo very small reflectance values, it 


has been suggested that inaccurate measurements of this 


Meee TresLonm are tie source of “Dhis sien, A poignant 


demonstration of how the shape and magnitude of the calcu- 


tated optical constant spectra are atfected by the value of 


Bes iS given by Hadni ef aes LOM ethe Gase Ot KBr 


Other compounds which have been the subject of optical 


148,149 94 ,150-153 


studies include metals, Ssemiconducvors, 


conducting layer compounds, such as KoPt(CN) Br, 3° 39H,O0 
Looe LoaG 

2 d 

CHAataCEerI St ICS. “SsOmMe Cxanples Of Suhas Latter -caltesory “are: 


tue terroelecriric lneamenncey) ye XNIF., which is antifer- 


and Hgl and compounds possessing unusual optical 


romagnetic?>” at temperatures below 275 K; and thiourea 
erjetals - > WikehmUundereocse a LenroelecinVe LO paraelectr Le 
Diiase tUransivion abt a temperature of approximately 200 °K. 

Optica studres, of molecular erystals are “surprising ky 
few. "Representative examples from each of the crystal clas-— 
Ses excludinesirralinice, will be given. 


Mie ioinrarceu O@pltreal properties Of the cubic crystal, 


ot 96 
NaCl0., have been investigated by Raman and by external 
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and internal e CATRIBTeEIeeliOn spectroscopy... his serystal 


COnlaIns Tour Molecules, perl primitive unit cell and both. the 
Na” ions and C10, LOnSearen LOCaAtLed. On Sites Of Ce symmetry. 
Because Of the high crystal symmetry and several molecules 
Demer unas cel 1), NaClo. provides an ideal model compound for 
Sstldyime Tne Cliects Of iactor=group or Dayydov splitting. 
im the wotimared, reflectance study by. Andermann “and Bese” 
over the region 400-1400 em. the optacal constants were 
calculated via the Kramers-Kronig phase relation. The tran- 


sition strengths of the various fundamental modes were then 


computed by four different expressions: 


Sr = 2 if e'vdv = = ody Perel 
" band " band 
at flees) 
S =—> Sf adv : 
zh we band 
ee? 2 2 fe) 
tiie eee Ton TOR? [1.89] 
f nady 
-,2 2 2 - band 
Ss = (ny Gy =) ) where n = ————_.—__ .. [1.90 ] 
TV LO Ake) band adv 


The values obtained from the integrated conductivity (S,) 
and absorption coetficient (Sry? measurements gave reasonable 
agreement. However, the values derived from the measured 


LO=10.epiitrting) Gs and Sty? were markedly different. The 


Nae 
auunors explained this discrepancy by stating that the tatter 


two expressions (S and Sty? are Only valid for a single 
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mode, and therefore, inapplicable to NaCloO DecAuse | On 


3° 
their fundamental interest in understanding how band inten- 
Sities are affected by a change from the gaseous to the crys- 
talline state, Andermann and Dows also evaluated the dipole 
moment derivatives for the various C10, internal modes. 
They basically followed the procedure outlined in Section 

ie lovet thas thesis. wit the assumption of 2 Lorentz. local 


field. However, they incorrectly determined the vector sum 


of the molecular dipole moment derivatives, so their resul- 


tant crystal dipole derivatives are in error. The correct 
values are given in Decius and Hexter's book, "Molecular 
Na Oiea G1Lons isn Crystalan 

Hartwig, Rousseau, and Porto.’ later measured both the 


Raman and infrared reflection spectrum of NaClO, from 40- 
1100 ooo. The advantage of Raman spectroscopy is that the 
TO and LO modes are both excited and appear as distinct 
bands. In an infrared absorption experiment at normal inci- 
dence, the LO modes are never observed; whereas in a reflec- 
tion spectrum, the LO and TO frequencies can be estimated 
frome chesveak ant lectiOnm wOints, Or directly measured irom 
thesdenived dielectric constant spectrum (see section) 121d). 
Although all of the vibrational modes of NaCl0. are Raman- 
active, some were too weakly active to be apparent. It was 
LOC MCN Soe lOdsSOn Nal POrlorer. on. alsOmlecordcus une remlcc— 
tion Spectrum. 


The transition strengths, damping constants and longi-— 


tudinal— and transverse—-optic frequencies were determined 
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Pot eo | eLOuUnteen Mm Optic moceo Vila as Classica bauiopers ion 
analy cis Ol Une retloctanceyspectrum., An Gnitiele set of os 


were obtained from equation [1.84], with the assumptions of 


zero damping and a Cy ee) TO men 
N Ss. 
Pe ee ee ee) ero | 
LO ee ee COG 
J BIOs =. .L0 


These values of 2. and estimated values of the damping con- 


were “then isubstitutved into the damped harmonic 


d 


SN AEHIONG ; 
ss 
Oscillator equaplonss |) lac4 | tand [1.85]. “fhe theerericaw, re— 


ilectancescurve was computed via equation, ~h.cel and com— 


pared with the measured spectrum. The values of ae 
ony and 1 were vadjusted until a satistactory fit was 


aciyleved. ~ Ihe corresponding "best Lit” values of me were 
then compared with the directly measured transition strengths 
(Sy) of Andermann and ows. 22 The two Sets “of results are 
said to be in good agreement (maximum discrepancy *=30%), sig- 
ionic baat che O=pOktrequency Spliulvuine "can "give reliable 
VoIMcs Olmert ie uranstt lon Sstrenci hoe h the various - are 
evaluatved simultaneously, — The reason’ that the tsolated mecde 
approximation, implicit um equations |l7e9 | end) fie 904; 
breaks down for the case of NaClo. Is pecause wu hase several 
elose-lying transitions which “can interact appreciably wath 
One manovuner.. 

Inthe Opticalstudy of uniaxial crystals, “the mos 


CoOnmom experimenbal procedure is to measure polarized re— 


flectances spectra with the electric veetor vibrating suc 
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Ceesiveily, paral lelmand perpendicular, to these-crystav.axis, 
Women Coincroes Wwithe neqoptic axico9, This 1s Wwsually ol-— 
lowed by a Kramers-Kronig dispersion analysis of each spec- 
trum, (eivines the extraordinary— and ordinary=ray optical 
Constants, respectively; The c-axis may be determined with 
a polarizing microscope Since no birefringence is viewed 
along this direction, or from X-ray measurements. Hexa- 
cOnalyevetragconal, andeuriconalgerystal classestbelons Lo 
thasvoptical system. ‘Some examples of uniaxial molecular 
crystals whose infrared optical properties have been charac- 
thal G2 


terized are: LikSO,, Ca, (P04) 6Fo 


g-NaN., 9 °° quartz” Ciiegonealp) and vont ZrO ae 
166 


KHF, C(Letraconal). Only the significant aspects of these 


(hexagonal); 


seudnes., wath general amplications, to uniaxial systems, will 
be discussed. 

Inyo 7 Gea iradshaased Pree, reported the polarized infra- 
red reflectance spectra (E||c and E|c) of LikSO,, from 
100-2000 eaieae the angle of incidence was 20° and the R_ com- 
ponent was measured. In their KK analysis, they used ex- 
Drescsione. (le/sdmands (1679o) whiehvexplicitly allow for the 
true enele of incidence, instead of using the more common 
norma v=i1ncadence approximation. Strangely, their KK analysis 


generated large negative values of k(v) in the frequency re- 


-1 
gion below the reflectance maximum at +1100 cm”. They 


aGbribucecgathae resulteto: small udistortions- in the opserved 
reflectance. These authors also performed a classical dis- 


persion analysis) to obtaan the oscillator parameters forthe 
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~t 


A species (E||c) and E, species (Eu Gvuvitrar ences Tey 
found that 4 and 5 Oscillators’, respectively, satistactorily 
described the measured reflectance. 


ine Loos whravivzec 7 Hise studied the polarized infra- 


it 


d 


red reflectance of Ca, (PO, )6F, over the region 300-1600 cm 
Wit tne radiation anevdent on the sample at angles of O20”, 
oo eons (0, eto. the c-crysvual axis. With the velectricwvec— 
Lousparaliel tove (life )eua .c a wien exciting extraordinary 
Optical modes, the résonant Trequencies were noticeably de— 
pendent upon the direction er wave propagation. This demon-— 
Siraved the general anisoucropy Of the extraordinary wave 
normal modes. By contracst,.when the polarizer was rotated 
SO that the elecrrie vector was perpendicular to ¢ Cae 
and pure ordinary waves, were excited, ino ‘Such anisotropy was 
Observed. She authors stated that a Kk-analysis met win 
limited success because of the relatively small frequency 
range Of data. Consequently, they performed a classical dis— 
perstonwanalysrs. “However, it sshould be noted that iney 
terminated their Low frequency reflection data in the middle 
Of ah invense band so. their KK-analysis could not be expec— 
teu O CPVe sablstactory results. 

Theminirared Optbcal study, Of quartz iy Spitzer and 
Kleinman”® lel lowes ston in Leantem iertlat wi wae. Tne y aries: 


Suceessiul application of classical’ dispersion theory to a 


complicated reflectance spectrum. In the frequency region 


uh 


d 


300-2000 cm, both the ordinary- and extraordinary-ray 
Spectra were well described by 7 classically damped harmonic 


OScl DLAtTOrs: 
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nIThHOUgh the Leehnigue for extractine opireal consrants 
of isotropic materials from reflectance-versus-angle-of- 
incidence measurements has been well-known for many years 
(see seetion 1524), it was not until 1968 that Mosteller and 
Wooten? ©? extended thic type of analysis 1o strongly absor— 
bing uniaxial crystals. They derived the relevant expres- 
S Ons lomeubanicverse sc lec uric. UIE) sand transverse macnet ie 
(IM) polarized radiation incident on the basal plane, ive. 


Lor which the Optic axis is normal to the reilectine face. 


These are: 


: ae a” 
eos @—(e =sin ¢)> 
R(TE)°= = [1.92] 
A ak, 
cos $+(6, -sin”9)? 
: ree 2 
HW Os den nl ST) (E02) 
R(TM) = = : [1.93] 
. in fa % et 
eee Gs cin bfe)- 
where, @ =-anele Of Ine dence 
oS = ordinary—-ray complex dielectric constant 
en = exiraordimary—-ray Complex dielectric constant. 


Surprisingly, there are very few applications of this pro- 
cedure in the literature. Decius appears to be one of its 
mein roponents. In 1975, Decius and Fredrickson ©” mea- 
sured the TE- and TM-polarized reflectance spectra of the 


Cilinetace Of 6-NaN- aL several angles of incidence. = They 


© 
themitiited their results to equations [1.92], [1.93] and 
the Classical dispersion expressions, [1.84] and [1.85], in 


SrdctmLOwOULAI nine Opvlcal, dielectric, -and dispersion pero — 


Meters. heir main concern was in Obtaining reliable values 
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Of Themtransition istrengsths and dipole moment “derivatives. 


Tata OG OM Sho. B-NaN., Decius has applied this method to 


ion 3 and conan. (trigonal) i singleservet auc. 
Pmt OAS Wilkinsen et Se ae studied the polarized in- 
ieaned ere. lectance 1jtes2ro10". Mis work is novevoruny iee— 


4 


cause it discusses qualitatively how various experimental 
eCrors and limitationsmarrect =the accuracy of *the KK=analy— 
sus. fF rem model calewbations, they tound that if the rei lec— 


tance spectrum was recorded with insufficient resolution to 


! 


accurately define the e'' peak maximum, then the KK procedure 


could generate negative regions of e''(v). 


Wilkinson vez eee also performed a theoretically sig- 


ii cant Opticals cudy son KHF, in 1973. The F=Fdistance in 


1e) 
this compound is) 2226 4A which makes it one of the Shortest 


hydrogen bonds found in nature. KHF, is’ a centrosymmetric 
euystal, SO, Lhe mule of mutual “exclusion applies. Im whe 
ah 


reszion 20-4000 ecm) the Raman-active modes are narrow, sym- 


metrical bands, whereas the infrared-active modes are very 
HpeOadeahad unsymmetrical in Transmieston. spectra. “lhe reason 
Lore phie dus pathy Lie parhiculanr., Cac extraordinary. breadun 
of the HF, asymmetric stretching vibration at =1400 She, 
has been the subject Of considerable debate. However, 


Wilkinson et @l., from a combined Kramers—-Kronigp and classic— 


piedtsepersion analysis, devermined the true hali—-width of 
this band to be only #240 om. They accounted for the very 
Eereo midis reported in the earlier literature as due to re— 
flection effects, which completely distorted the true band 


Shape. 
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In the biaxial optical system, very few molecular crys- 
Pals have=been studied. The orthorhombicrervstal. acetani— 
iide has already been discussed.© Since the indieatrix axes 
COiIncide with the Crystal akis directions, ‘the requisite ex-— 
DeErIMehts andwUuNe Interpretation of the optical data are 
DOLN Quite straightforward. The situation is’ much more 
complicated in=the case or monoclinic crystals. “As was 10— 
ted) in pectione ieile, vont vetne” b=crystal axis commcides wiih 
one of the indicatrix axes (denoted here the y axis). The 


complex dielectric tensor then has the form: 


Ey 6) O a) 
e(v) = a > #e : ie o4e 
oy, o Se) 


firs enerally not possible te diaconalize this matrux 

since the real part of e(v) may have a different set of 
Drinerpal axes than the inaginary pant of e(v). This: 2 sre— 
ferred to as axial Ae scsisfen Thus e(v) COntains sere 
MoiknOWwn TUneCtLoOns Of, Von the formidableness, of jevaluarine 
these quantities has largely inhibited monoclinic optical 
Studies. However, because the largest group of organic mole- 
por cOnpOlundsechys tal l4zemine the monoclinic ssySs tem. Uiere 
has been a recent surge of interest in clarifying the di- 


ZOD Go: 70 te weengee 


electric theory of monoclinic crystals. 
2 
the best descriptions is given by Koch et al. : ihe vacilLea tilly 


define the experiments necessary for a complete and unambig- 


uous characterization of the dielectric tensor. 
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The dielectric function Eyy 6) may be obtained from a 
fE=polanized=reblectancesspectrum of a crystal tace, contain— 
inoerhe baat Cevee "CUO pitand with plane of anecidence 
(010), followed by a Kramers-Kronig analysis. The quanti- 
ties rue ae and cae may be derived in either of two ways: 
from normal uincidencesreilectance from the €CO1l0), face, with 
Vartous angular settinegs#or the polarizers in the iancident 
and reflected beam, followed by a KK-analysis; or from TM- 
polerizedyretlectance at ivarirous Oblique angles of incidence, 
With, COLO) fas the plane vot ancidence, followed by a direct 
SOMULOn Gt aa systemeor isimultancous equatuons. Voge glee 


event of negligible axial dispersion, the experiments are 


Samplrired yby lhe sremovainor “the polarization analyzer 


hep e Sit cht Olin Be eis cuss1Ones tts einvterestane “to 
Cra tica Lingireview some or the earlier monoclanic studies to 
assessitheir theoretical significance. 

Haas and Sener Ga Phe whet reoul Leaiesst dyno 
CaSO,-2H,0, correctly determined FD) from measurements of 
| bi-om athe: (101) and.(208). crystal faces.” Although they 
used the former data to derive — for the region 450- 

200 cmt, and! the Latter data for the recion 1400-3700 ome 
tieveisuaLe thauuessent rakiyvye the same wreilectance Spectra 

were obtained for: the two faces. They also measured the re- 
phectance: LrommmnerGOLO)- face for ditierent polarizations of 


tiesincident electric vector. iInmphbescacsc.or the BY compo- 


nents of the 20 0 ion fundamental modes, maximum dichroism 
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Wes observed with Boat 9° and 99° to» the a-crystal face. 
linaktal wispersion! tsomerligible, these latter spectra de— 
fine cia and en for the sulphate bands. 

Friandis ee ee in 1980, measured the polarized re- 
iebec Lerce “Ot SSuno Le vonyis tad. Li,80,-H,0 over the region 40- 
660 emt, with E||b and El b, followed by amcdassical dis= 
person aunalyocises ;lihevyadudanot Mdentiiy wnichecrystak tace 
WASsbies rerlectine lanes Dit si rom ia polarized slicht study, 
tuey delernnined whe directions of the x and 2 indicatrix 
Axess elineur E |b reflection experiments were referenced to 
thise visible Jaght x—prineipal, axis, ise. the B species vib— 
rational modes were observed with E |b and E||x. pimece Lhe 
x-direction is frequency-dependent, this type of Specifica- 
tion is ambiguous. These spectra only define Ea and Se 
if the gndicatrix axes directions: are the same for all bands 
Bos thiewvis -plenand ani rancd=reoLons- | 8 hisis hichly unlikely. 

Another monoclinic crystal whose optical properties 
have been recently investigated is sodium formate. In198l, 
Dasa vet Toe recorded its near-normal incidence (¢= 20°) 
reflectance spectra over the region 30-4000 em? , with E||b 
Porm pies (OO0l)atacerandeke\(c tore thes @0lO)gface.. They derived 
the corresponding, optically constants Lrom a Kramers—Kronig 
diel Voi See DuSspersi Onsiparamevers were when estimated from 
pic WLelecirie, constants opectra,. as described in section |..1d, 
and these values were further refined by a classical disper- 


Sion analysis. This type of combined Kramers-—Kronig-classi- 


Pmiecdispersi On analysis has become increasingly popular in 
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mirared: optical svudives.) #liy more recent) applications, the 
error in thie derived optical constants has been estimated 
from the two sets of results. °* The first experiment of 
Tajima eb at. (CE||b) for (001)) only determines ay unam- 
biguously if the crystal was oriented with the b-axis nor- 
nal to Che plane of ancrdence. ~ Otherwise, because of the 
fairly large angle of incidence, there will be considerable 
admixture OL the other drvelectrie components... Unfortunately, 
tne  auvhors did tnot five tTiis Aantormation. “Aliso, “their 
second experiment (Bie for (010)) has no fundamental signi- 
ficance, unless this polarization direction was coinciden- 


tally “aligned alone onevot the indicatrix axes. 
SoG 


Phe Organic Crysvals-~ maphthalene: .~ and anthra- 
bene OO have been the subject of numerous optical stud- 
ies. Most of the work on anthracene has been carried out in 


the ultra-violet region, where it exhibits an intense m1 * 


Peansitt1on. Or pareicu lar nove ws the optically retlection 
study of anthracene single crystals by Koch and Oeas 7! 
over thervenergsy range 4-10.75 eV" From only three well- 
defined experiments, they completely determined the complex 
dielectric tensor (assuming negligible axial dispersion). 

One of “the -carlvest polarized infrared reilectance stu— 
dies of naphthalene was by Person ev ieee dnt IO. eeLoSy 
measured the normal incidence reflectance spectra of naph- 
thalene and naphthalene-d, from the be and ab crystal planes, 


respectively. Although they did not derive the optical con- 


stants, this work is mentioned for the fact that it discusses 
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why light, which is polarized either parallel or perpendi- 
CULanetLOyEhne b-axis pand=strikine at normal incigence on 2 
Choystals face containing, the. b-axis, is not elliptically 
polarrzedson rel lec tions tus, an. experiment with ney. 
or E|b on any (h Oh, ) face Of a monoclinic erystal, pro— 
Videsvdetinitive resulisa elinethe case of the ATR measure— 
Mentssot Single crystal naphthalene. by Tsuji and Yamada,>~ 
spectra were recorded for the ab plane and E||b at 9 =44.2° 
and 54.6°. Solution of Fresnel's equations gave ee dir- 
ecetly.: 

Because Of the dittiucuilty=in preparing lance, single 
crystals of many compounds of interest, there has been a 
BecentweLiorielO-0Obvaineusesul information fromspolyerysial— 
line samples. However, the number of these studies is still 
quite small, and no completely satisfactory theory has yet 
explained the observed polycrystalline spectra. A few ex- 
amples will illustrate the particular ditficulties associated 
with polycrystalline optical studies. 

Die LOGAS SHuntses hee measured the near-normal inci- 
dence reflectance of polycrystalline MeFs and, from a KK- 
Boo lysLs, pdetermaned —theivibrat tonal. trequencies later that 
year, Banter a Recorded spoOlarized ionirared retlectance scpec— 
with Bie sand i a|icaun (oanice 


tra.of the single crystal MgFo, 


MgF, is tetragonal, these two experiments completely specify 


2 


its optical properties. A KK-analysis of these spectra 


@aveus lori icanthyved  Lrerent, frequencies from those reported 


Dy, JHU Set panel Also,.some of Huntts assignments were in 
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error. Consequence, o1 the Tact that polycrystallg ne spec— 
tra provide no information on the mode symmetries. Barker 
makes. the observation) that Since: reflectivity asea non=lin- 
CatmuUnecr tone or tne dic leeriric=.constant . (tien wanmane ica 
OfVtnewaverazecrrelleciivaty, as was performed by Hunter al.. 
Canno Geye id tan averagenaroVec lhc constant. 

ADOCKNeT AUT iret Tyee Lie pDOlyervyst al linemcmudlecmiecey let 
Mies samples lay NOt pe truly isouropic., For example, 
Painvens en Been. founds that ther, polycrystalline samples 
GE anthracene, prepared by vacuum deposition onto @ sub — 
Stprave. gave reLlecuvonespectral remarkably similar to Ghose 
Obtaimed = romyihe abyplanc of the: single Cee This 
type of preferred orientation problem was also encountered 
bye Tsuji and wee iINmMune Lee prepavalion Or poOlLycrycral— 
iimermaphihalenes Whey found that ai molten naphthalene 
Was DeuUrecdmontpowas late olascs plate and: alvowedw to ‘cools tie 
retlecving surtace was approximately the ab plane~ However’, 
by compressing a powder of less than 300 mesh particle size, 
they were able to obtain completely isotropic discs. These 
authors then attempted to correlate their derived intensi- 
PioOScotnENe  OOLVeCrystaluane and Sansleverysta ls extinction 
COeLil clei spectra. “lhe relative Antensitics Of Aa partic— 
UA vibra boneexcited alone each ol the three axial ditrec— 
BUOWS Aba MeWerewco lcils Ted Lrom Tie = chystal Guricture: 
Msite: bie orienved gas model. The ratio vot the antensity of 


the b=oxts COMpOnent or the single crystal LO that of tne 


polycrvysial Was then determined from b/*/3 Catbtc)) 1.6. they 
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assumed the polycrystalline extinction coefficient spectrum 
to be a superposition of the three derived k(v) spectra for 
ie sitele crystal Hila, millb and Elle.” “However, only tie 
bDands belonzine Lo Bay Symmetry gave good agreement between 
the observed and calculated Intensity ratios. “This eprecise 
asreement Might, be Tortuous, although it was’ noted that 
bands belonging to a particular symmetry species behaved in 
a Similar manner. 

To summarize, inirared optical studies have gradually 
prosressed from .sinple,, isetropic crystals to more’ complex 
systems. The theoretical development has typically lagged 
the experimental tadvances, bul with the recent emphasis on 
Obtaining, deiinitive Optical quantities, suchas band in— 
tensities and dipole moment derivatives, there has been a 
SrOvineoeet OCU LO,UndCrobpalnd suNne MOlLeCUlar Nauure Obs tie 
GCourer CONnStanis. Wliliswaane turn. Nas promoved tile sGlLearer 
Ceimin LoLOn Of Optical, Experiments. “However, Our Current 
Miers landing Or polycrystalline samples is still quite 


poor. 


ao OD ,eCbIVeS: Of Chis Work 

fies purpose OreatLuts work was sO ODtail ne the ini raredlop- 
tical and dielectric parameters of a molecular hydrogen— 
bonded crystal. These systems are of particular interest 
tOxthis laboratory, and compounds such as the clathrate hy— 
Opates cimple carbpozylac acids, and ordered phases of ice” 


have been the subject of numerous infrared transmission and 
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Raman studies. These compounds generally exhibit very broad 
O=estrevehing bands and part of the motivation tor our 
optical study was to define a technique which would enable 
us to eventually determine whether reflection effects con- 
tributed to this extracrdinary breadth. However, our prim— 
ary CONCEINeWas sil a sCOMpleLe description of the Inirared 
eptical constants. The fundamental significance of these 
Quantities was devai led win previous Sections. “Of particular 
interest was the evaluation of related molecular properties, 
such as the vibrational frequencies, absolute intensities, 
damping constants, and dipole moment derivatives for the 
various infrared-active crystal modes. 

Berore embarking On this project, it was necessary to 
develop the experimental and computational methods for de- 
EivVing  -ODLtcal constants. The ~rocedure adopted was to 
measure the near-normal incidence reflectance, followed by 
a Kramers-Kronig analysis. This technique has the advan- 
tages Of "Simplicity and general validity. Due to the itre— 
quent problem of overlapping bands, the KK method was used 
Micon VUnC ELON With sa ecClascical dispersion analysis. = lie 
oil 


inorganic hydrate, Ba(ClO O, was selected as the sub- 


3)9 2 
jeCvSOLMcENdy os fom Ene reasons Chumeraved in Seculony i. 3), 
Because Of the paucity Of data available on polycrystalline 
samples, it was considered that a companative study of sangle 
ElLyStomonaispOlvervetal line Ba(C10.,),°H,0 would be a valu- 


pole undertaking. [lt was also noted from the literature on 


Tie aiirared oprical properties of solids, that very few 
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studies clearly defined all of the relevant experimental 
parameters and theoretical approximations used. Also, many 
Of the earlier studies were hampered by the poor signal-to- 
NO1sSe periormance Of the gratine instruments. However, 
Fourier transtorm infrared spectrometers of very high sig— 
Hal=Vo-—Nnolse are currently available to us; so we have the 
capability of obtainine reliable, quantitative optical —con— 
Stant "data. in -ordeweto achieve this coals iour, work’ was 
divected “at analyzing. vand reducing where possiple, all 


sources of experimental and computational error. 
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EXPERIMENTAL 


2 Ln roduecb1 on 

The experimental objectives were to prepare samples of 
Ba(C10.,)5°H,9, WhVveEN were Om SUuLricient size and. optical 
quUabity stor study in the @winirared resien, and to develop 
the techniques Necescary or obtaining Tebiable retlect— 
ance data. This chapter describes the means used to achieve 


these two goals. 


2.2 Sample Preparations 
The Ba (C10, )5+H50 used in the preparation of the poly- 
crystalline and Single crystal samples was used as supplied 


by Allied Chemicals. and Matheson Coz Inc. 


wuz Preparation om Polycrystalline Ba (C103) 5*H50_ 
Polycrystalline samples of 1'' diameter were prepared 
by compacting the powdered material in a laboratory press, 
uwsaine wine apparatus allustrated in Figure 251i. Brieriy, 
Pie apparatus Consisted Of a 1” tapered compression “cell 
Rech a Ole e so.  pisovonawihieh Tloats in-an Ol chamber: 
When pressure was applied to the oil by means of a hand- 
DUMNby the 2.20" puston exerted an’ equivalent 1orce .on ube 
compression cell. The pressures delivered to the oil and 


to thescell were thus related by: 


9 
0 2295 ; 
Ee aaa - (2:3) ee Oe a 
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Pp = oil pressure 


Pp R - Lestrainineetorce sot 
Uprasht rods of press 


es | 
he 


Piste hemp ressurcsvecse] UScUslo prepare polycirysua |= 
line samples of Ba (C103 )o+H90. 


Pa LOpeptSsnon 8B bor vomepiston. VC, 2525" piston ot the press 
Dee eee COD eCh COM Msn, GOedn Cy Inger: 

Cbodee  baCck=Uparings .F, pressure distraputing bilock: 

So stainless steel jacket; H, supporlt block; 12 jsample: 

J) platen of vthe press: K, sample cup 

A 


7D, een De comprise tie compression cell 


She, 
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In a typical experiment, a known quantity of powdered 
Ba (C10, )5+H5O was placed in the cylinder (D):‘on top of the 
bottom piston (B). The sample was bracketted by the back- 
up rings (E) so that it did not extrude between the cylin- 
der and pistons. The top piston (A) was then manually 
pushed onto the sample and this assembly was positioned on 
the -platen ¢J).of sthe wress «AS <indicated in’ Figure 241. 
Pressure was slowly applied to the vessel; first, in small 
increments, to take advantage of the sample's better flow 
characteristics at low pressures and, then, in larger incre- 
ments, to compact the sample. 

To extract the prepared disc from the bore of the com- 
pression cell, the support block (H) was removed and pres- 
sure was gradually applied until the sample dropped into 
the cup (K). Damage to the disc's faces was minimized by 
wrapping a rubber band around the top piston to prevent it 
FLOMearoppi ne Onto, the sample, and bywolacina pieces) Of 
kKim-=waipe in the sample cup to cushion the dise stall. The 
samples obtained in this manner were powdery and readily 
tpacuured 2f not. handled wath care. ~Occasionally, a face 
Ol tle disc sluck to, the piston.” “Vite wbatter problem was 
remedied by polishing the piston faces: they were mechanic-— 
Viiv polished (LO) an ciernch finishes shhene turther “hand pol— 
ished on 600 grit sandpaper with distilled water as a 
LUbrLcant ~prLom bOVecach sample preparation: 

Approxima leLy 10. .2.00t Ba (C10. )5°H O were used in the 
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Gisc preparations. [hiss provided a minimum Sample thickness 


Fomebiicky to 47 VANDA Be stim He 
ith} qetw@h! yo Le ae 


wid” DO. god: i 
stent! eit ‘at ina fs heehedt Bee eign wit 
Aki seo Dee eee (rae be b f 
} sien nai? Gp Ge? ase ist ] 
m hom a clu ylides aay ! 
\ iit so Lear vis Oo "i 
' i wy Os j 
= ea e(ome 1 1 *, ° 
a4" in aX iP ' 44 i) , ‘ 
(7 : Mies 
inv hag oti (a doug t “ry! 
ft, eG "4 maa agicd 7 en 
, pid. © j 
| rhs uy 1 opt 6g) we i u 
arzaéic ust. ot ne 
Tel = bit acid Ty iy 
f ] (AVY. yond oy iow 
» ut Liga) Rasoy “Tih i 
HOF Aue 61 tet as perewi 
Saree w5tw wind went MALTS a4 
iom Gaal t*mrdevt acd? jie te? arnt 


> as sian, be lisa Adin rag aetuse 


rR tas 
Wl Ph! Wiel wae" Pall: a’ Pa) 
a) 

op Dayenn winnie > 8 


wets 


dtiond SON T 


ne wa. sedate 


e toes a? Vid OH. y 


a ey rie» : 


ae 


leceyea & At 


i a pil» ¢{ -O09) se 
io) aweetq medio 
wit Sa (2 eget ge 
vgavate, ita 4abr 
‘ 4° weno begaug. 
i? Die’ f cebola’ 2a2 
sew SulaneTt 
i 4 fe@emarens 
jelrie?G21%RH4 
{ o*. stead 
i oF 
+ wo teeetq 
7 hetm aay Spe 
(4) quy om? 
ier & eaLgny : 
i gesunotwn mnoris 3 
Lay 47 wl eqteenis y 
uinid@e eelqase 
un 
| a ta peaedomt? 
+ gowns suet SAS0RREE 


— 


4 
guided in) cme 


9-08 


_ 


. 


of 6 mm, which ensured that reflection from the back sur- 
face was negligible. 


Several different pressure application schemes were 


followed in order to determine the optimum method for mak- 
ingesamplerdises.,  Thesmaanecriterion for this selection 
was the reflectance of the disc. exhibited, after a strength=- 
ening and polishing procedure, which will be described 


Shortly. The following sample pressures and lengths of 


application provided the discs with the best optical quality: 


Table 2.1 Applied Pressure Timetable for the Preparation 


oF Ba(C103)59-H90 Pellets 


Bray tee Char) Time (min) 
Bil 20 
Ou 90 
202 20 
405 2D 
810 60 


“the diameter of the hydraulic ram of the press = 2.25" 


-the diameter of the bore of the compression cell = 0.9998" 


Compared with the method of Table 2.1, it was found 
that, Lower final pressures resulted in more crumbly discs, 
which possessed insuificient strength; while higher final 
pressures resulted in harder discs, whose initial infrared 
pes Lectivibies were higher, but whose final reflectivities 


measured after the strengthening and polishing steps, were 
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not as good’. 

Attempts to directly polish a face of these samples 
caused the samples to rapidly disintegrate. For this rea— 
SON; 1U Was Necessary Vo strenethen the desired reflecting 
PACe.Ot CU Ver U1 SCs Dl lOrecO polish i no, 

This was accomplished by repeated applications of a 
3)9°H,0 in distilled water. The 


Solution WasesaLuratedsat 40°C, allowed to. cool to slightly 


SaAburavcduacolLuylon .OtmbaGeLo 


above room temperature, then applied by means of an eye- 
dropper. In order to wet the disc's face and have the so- 
1ULioOn absorbed into 1s pores, the tip of the dropper, had 
LOeDCrUSioT hexscolubion over the face, Excess solution guwas 
Garefully scraped off withsthe straight edge “ot “a microscope 
slide. The disc was then supported on two glass rods and 
allowed to dry fer-one hour. This sequence of events was 
repeated until crystals began depositing on the disc's face. 
The samples were then polished by a conventional win- 
dow polishing technique. “This involved initial grinding 
Onan itkateclacs plate with a clurry of UO00s8erit aluminum 
oxide and iso-propanol. This step was continued until the 
slimy ssuriace Crystallitces were ground flab. as determined 
Undereto~ Macha vine power, (The discs were iinen polished 
on a chamois-covered board with a Slurry of cerium oxide 
AGM sca = Vropaniiwle slo Maintain tae platness Of et medics vs 
face Sip iwos moved in a figure-cight pattern over the ‘sur— 
fice of ihe chamois and trequenvly rotatedsabout Gus axis, 


Finally, the dises were polished on a clean chamois with 
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either iso-propanol or Skelly-B (hexanes). These latter 
two polishing stages were continued until no further in- 
GCreovsce-An the antrareq ret lectance of «the disc. was) Obtained. 
The fact that two independent discs displayed the same ul- 
timate reflectivities provides confidence im this empirical 


aValuactton -Of Optical Fquality. 


Zee ee reparavione Or somdele Crystal Ba (C10, )5*H5O_ 

The most common procedures for the growth of large, 
2o00 Quality, single crystals involve crystal growth trom 
solution. These methods require a knowledge of the com- 
pound = solubility characreristics. From Table 1.2, we see 


toa Ba CCLoO -H,O is readily soluble in water at room tem- 


39 2 
perature and atmospheric pressure, and its solubility in- 
ereases Significantly with increase in temperature. For 
these reasons, the following three methods were employed in 
Ene preparation Of single crystals Of Ba(C10.,)5-H50: 

a) slow evaporavion O71 a solution vet Bal @lOs) 5-150, 


saturated in distilled water at room temperature. 


wes lowecooling sod sa) Solution sot WBaGClOs)o-11o0: 
Sacuraved- in distilled water at sOoC- 


ii) .echr ela Pon Me uno 


Ties irs, s wommMe nods didunoveprovide large op uical 
GUadity cinglescrystalc. “However, seed crystals of surrable 
e1ze and quality were Obtained for later use in the cirecula— 
tion method. The major drawback, common to the first two 


procedures, is their susceptibility to external temperature 
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fluctuations. The evaporation method also proved to be a 
very slow process, while the cooling method required the 
temperature, to: be decreased according to a very exact sche— 
dule. Another complication besetting the cooling method 
Was) tne Necessity or a constant, temperature bath falled 
Witheantiechts pareaitinvoli.® Assmall pump circulated) the on1 
in order’ to; ensure unizormity in the bath's temperature. 
However, it. 1s suspected) that the pumps buffeting action 


may have disturbed the seed crystals' growth. 


i) Production of seeds by evaporation 


3)9°H50 were dissolved an 2ho ml or adis— 


Siete ba Clad...) 
tilled water at room temperature. To ensure saturation, 
the solution was slowly stirred with a Fischer Dyna Mix 
mechanical stirrer for a period of two days, then filtered 
through a coarse sintered funnel. The filtrate was trans- 
ferred to a 650 ml beaker, covered with a watch glass, and 
Perieundaseurbped) Tor one month. Although seme fairly Large 
(>l em)crystais were obtained, there were several smaller 
crystals embedded in their faces, thereby making them use- 
less for reflection studies... The small, faultless crystals 
were washed with a water-moistened kimwipe, patted dry on 
ftiLerepapor, and Seoredain a “covered (petriadish. 9 thesre— 
maining crystals were stored in stoppered glass bottles and 


were later used.as the polycrystalline starting material in 


the carculation method; 
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i) Production Of seeds by cooling 

SG) 9 of Ba(C10. )5+H50 were dissolved in 114 ml dis- 
Pilledeiater aL. cO Caemwine solution was’ contained na 
eloesed tubular Hlaskeeensulated by two beakers tilled with 
a light paraffin oil. This assembly was secured to the 
tavve Clea wctOrvora bate ne Ol an the bathewas equa orat— 
edvat SOSC unt il its vemperatume matched that Of the oil) in 
the inner beaker. The recrystallization solution was then 
cooled to room temperature at the rate of 4°C per day, under 
Manuva cont rou, 

The residual solution was decanted off and the best 


Single crystals were stored in a covered petri dish. 


iit) ee erOoducliLoen, Of escinolercrystals by Circulation method 

The circulation method proved to be the most reliable 
hor NU Ge wroaduetion of ekarge.cood ‘quality ‘singlescrystals. 
one experimental apparatus for this procedure as allustrated 
Ti ea cure. 2), 2. 

The neh" involves placing both a seed crystal and 
aS saturated solution of the material. to be crystallized van 
a Closed "contarmner. Sihe upper part of the crystallization 
Vescoledesmaintarmed at @ slichtly higher Pemperature than 
the lower part of the vessel. A simple means of accomplish— 
ing this requirement is to use a water bath, whose evapor-— 
Pimeiew action crealea a. constant temperature datferential of 


Opie Gavi th the Slunrounding “air. 
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Wieune) 2. 2) )Growlhvot “Ba(ClO.))o-HoO single crystals by ic1r— 
culation method. 


A ecOrksestopperseb,  terlon tape; €, nylon pouch used as poly— 
erystalline materdtal holder: D, polycrystalline material; 

EA class fiber. Fe crystallization vessels Gy seed crystal: 
H, water bath. 


Figure 2.24 Glass crucible 
used as polycrystalline mater- 
ial holder. 
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puny oneor (so lec= holder, containing the polvcrycral— 
PpNegobarling Materialeie held in the upper part volt the con— 
Tainenwand ste seed verystalwis Situated in the, lower part of 
the container.» lhe circulation of the solution oceurs if 
Phesdensieryeot vuneacaturnated solution sineregses witli temper— 
etUve se (hewsoluvion some ule. warmer. Upper part of ble ube 
theme sinks sto the boutons where, it becomes supersaturatred, 


and some sor the dissolved material deposits on the seed 


efystal, AS a result, the solution surrounding the seed be-— 
eomes, less dense.) This solution then streams upward, where 
LevOLSSOLVeS more Of Lae wolyerystalline material and the 
PEOCeSS CONLTINUcS, 


BOreiLies preparer OneOe Sane le ‘crystals lotebacCcue OQ; 


B22 
the following experimental procedure was used (with slight 
MOditiTcations, as noted ) . 

The erystallaization yessel was a los em lone glass tube, 
Species) dilanever, Switheastlat bottoms A. saturaped solution 
SpepaCeELo 


-H,O was prepared from 47 g of Ba(C10., )5:H5O 


32 2 
Mie Uli tiled ewaternws “hes esolulionswas ~sulrreda with 
aecbaces rOdetor 1-2 houms, “then tilvered’ twace througin’a 
Coarse Sintered glass funnel, to ensure saturavion at-room 
temperature. The material holder was filled with poly- 
crystalline Ba(C10.,)5-+H50, which had been previously re- 
eryctallized py the evaporation method. Initial prepara— 
tions used a densely woven nylon stocking as the material 


holders whitleslater preparations used.a glass crucible with 


BeCOUReec lini te polmtoneand,.a- Loose=fitting lid, as illustrated 
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inshigure 2.22. The saturated solution was then poured 
throughs thesholder Gneorders to wash outeany «sma! iecrains. 
and refiltered. This step was carried out in order to 
aVOLd UNG fOrtiavion ot patasive Crystals whichesget as 
Sccordabyenviclem andpunnibiu, the Crowtln ot tae msced crystal. 

The seed crystal was) supported from the holder either 
Dy Mbyte eth LO a COLLONMtnread Or by clueing wit vo ms cine 
glass fiber with glyptal cement. 

The saturated solution was then warmed slightly 
(=25 ©) ond poured sinvor the crystallization tube. ele sma 
terial holder and suspended seed crystal were immersed in 
the Solution, and the mounted crystallization vessel was 
carefully placed in a water bath. The water level was set 
to a height approximately half-way between the material hol- 
der and the seed crystal, and this level was maintained 
dandy lt was amportanty to allow the water to equilibrate 
tO LOOM CeMmperature, prior CO its additivon. the whole 
assembly was then placed in a quiet, undisturbed location, 
inmorder LOouminimaze vVabrations which induce detects in the 
Srowlne crysial. 

The crystal growth was terminated when the polycrystal- 
line material in the holder was exhausted, or when the for- 
Matdon OL parasite Crystals was severely retarding the ceed 
crystal’ s growth. 

Thesapparent = erowth rate was neu predictable. ~Sstarting 
With seed crystals measuring 1-2 mm, a crystal 2 cm long 


was obtained after two weeks, while a crystal 3 cm long was 
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Only obtained arter ecix weeks, All of the crystals grown 


Dyeethe cCirculatvon method exhibited a prismatie mao. 


ig ey Ci eameih AG wer Mayes 2einte |. Sotenleneonalalenkes 

Wath Ghesassistance vot Dr. Rh. Morton of the Geology 
Department at Che Umiversit yor Al bertay= tines single erys— 
ras OF Ba (C10. )5*H,O were cut on a Buehler diamond sav, 
Usine parathin O11 as aniubricant,. The crystals were: sup— 
ported Anan aluminumechuck sand cut perpendicular to the 
De EsmMobe axis. in order €O minimize mechanical deforma- 
t10n"On the Single crystals, a slow cutting speed was wsed: 
Two parallel slices were cut from each crystal. The first 
Sree oO mm Gohick) ee containine the pristatie cap. owas, Used 
in the réerlection studies, The second slice (21 mm Thick) 
was used to confirm the orientation of the crystal axes by 
the X-ray precession method. 

The eut face of the prismatic cap was polished to 
Optical! —ttatness by a, procedure Similar TO Lhat described 
for the polycrystalline samples. Initial polishing was 
performed with a slurry of cerium oxide in iso-propanol 
Mpom a Buehler AB Microcioth which was aftiixed to a ita 
Pilassuplare me inceckysval face was COntinuality rotated in 
a figure-eight pattern. After polishing for approximately 
fiver minutes, the crystal was thoroughly cleaned with a 
kimwipe, moistened with iso-propanol, then polished on a 
clean Buehler pad with either iso-propanol or distilled 


Skelly-B. By repeated application of these two polishing 
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stages, a surface was produced with fewer and fewer visible 
flaws. The mid-infrared reflectance was monitored after 
each session, and polishing was continued until no further 


improvement in the sample's reflectance was obtained. 


upeeeerecession Shay suudys ol the Single Crystals 


The orientation of the single crystal axes was deter- 
mined by the precession method. The chief advantage of this 
technique over the Weissenberg method is that it provides 
an undistorted map of the reciprocal-lattice lenge 
This is accomplished by coupling the motion of the recipro- 
cal-lattice net and the film so that they are always par- 
aed. 

The basic experimental procedure is as follows. The 
1 mm thick platelet (see Section 2.3) was affixed to a glass 
fiber with molten shellac, so that the fiber axis was ap- 
proximately bisecting the acute angle of this crystal face. 
The fiber was then attached to a rotatable goniometer head, 
and adjusted so that the plane of the crystal slice was 
parallel to one of the ares. The crystal was then mounted 
on a Nonius precession camera, and aligned as indicated by 
alignment photographs. Absorption problems were minimized 
by arranging the X-ray beam to impinge on the edge of the 
ervstal face, and by using Mo Ko radiation. 

The alignment photographs were taken without the use 
Giea talter. while the zero level and first level photo-— 


eraphs) were taken with a zirconium filter. The sample-to- 
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film distance was 60 mm, and a precession angle of 25° was 
Used: LO “collect et the reciprocal-lattice layer data. “Typic— 
ally, an exposure: tine of Six hours provaded sutiiacient Ly 


intense diffraction spots for measurement purposes. 


Be oa NS trouMmenia ton 


3)9°H,0 were 


performed over the spectral range 20-7000 ome. FOr tne poly— 


crystalline samples, and over the region 100-7000 cmt for 


specular reflection measurements on Ba(Cl0 


the single crystal samples, In ordér to cover the range 
iL 


oy 


PO 7000: cm two Hourier“treansiorm intrared (FTIR) anstru— 


ments were used. Below 100 eae a Beckman Retail Ce. model 


FS 720 interferometer was utilized; while for the region 
100-7000 em7t. a Nicolet model 7199 interferometer was used. 
The principle Of WEIR spectroscopy 1S thevditferentia— 
tion of frequency elements by division of amplitude, where- 
as conventional grating instruments distinguish frequency 
elements spatially. The essential components of an FTIR 
instrument are depicted schematically in Figure 2.3. Divi- 
Sion of amplitude is accomplished by means of a Michelson 
interferometer. Each incident frequency is partially re- 
flected and transmitted at the beamsplitter boundary. A 
piece Cittcrence. or retardation, is introduced into the 
recombined beam by the different path lengths to the moving 
pioestatvionary Mirrors, This results in ascosinusoidal 


dependence of intensity on retardation, whose characteristic 
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Pacure 2c schema ticudiasram of <anerTIR. instrument. 


INTERFEROGRAM KNERGY SPECTRUM 
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= Fourier 
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Figure 2.4 The relationship between an interferogram and 


a Single-beam energy spectrum. 
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frequency, f LS eaven. by: 


Vv =velocity of moving mirror (cms~+) 


fy = 2 Vv Vv v= incident frequency (cm-l) 


Hiewexperiment, Meacureseuhe sintensitvy of this radiation 
meaching the detector as a function of the retardation and 
this) record 1s called the interierogcram, For a broad—pand 
source, the different cosine waves add together to give a 
beat pattern and the measured interferogram is the resultant 
of the interferograms corresponding to each incident fre-— 
CIeneCy ae he ouUrieretransr Orm (Ot this, function as. thie 
single-beam energy spectrum (see Figure 2.4), and the ratio 
of the sample to the background energy spectra gives the 
transmittance or reflectance spectrum. 

When the moving and stationary mirrors are equidistant, 
all of the modulated infrared frequencies are in-phase. 

This produces a maximum in the interferogram, which is known 
as the zero path difference (ZPD) peak, and its peak-to-peak 
wellace 1S a measure of the total intensity ancident on 

Eee decheceLOr. 

For two frequencies separated by A me ines 
Mecessary 10 tranwelave, the moving mirror a4 distance, X= 17 Ay 
ieorder to observe one complete cycle of the beat pattern 
Mice nereLores tOo,discriminare between The two frequencies. 
iheanomina | spectral resolution, Ov, is hus related Vo whe 


maximum retardation by Xn ee ES 
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Becouserot pinectrumental Limitations, the i1nterterocram 


Cannot be recorded as a continuous function, but must be 
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Gis itazed, and can only be collected over a finite retarda— 

tion tange,) These physical realities Gan cause sienificant 

dvstortion in the computed spectrum. To reduce this distor— 
tELon,) the procedures OL apodization and phase correction 

are carried out. 

Apodization iS a process which improves the instrument 
imine shape. sine.) the Computed Shape Of a single veharn, 
Spectral line. ~ Because whe interferogram is only collected 
Over id Tinite Tranee st he. computed Spectrum 1s Not a sharp 
Hine, putea band with Several secondary minima or “peds': 
WuLGiplwvcation of the interferogram by an apodization func— 
tion before Fourier transformation suppresses these “pods", 
but with Some broadening -of the peak. The choice of apodiz— 
ation function is determined by the relative importance of 
these two opposing considerations. 

Phase errors Tesule trom digitization errors, and the 
frequency-dependent characteristics of the electronics and 
toe beansplitber Opiicaleproperties. ~An excellent, duscus— 
SiOneOor pheivarious phase COrrect 10m procedures Can be found 
in several mereneneesy ee” 

The Sienal=to-noise ratio of the computed spectrum is 
gitected by Various parameters. Noise 1s reduced by optical 
miowelectronic filtering, Optical ailtering restricts! the 
Ponee of frequencies, or bandwidth incident on the detector, 
Woule Glectronie filtering restricts the bandwidth of the 
Mower eAmioliritcatiron O1 the signal senables greater 


precision in the analogue-to-digital conversion process and 
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may improve the signal-to-noise ratio, when signal averag- 
ine) is performed... A selective amplification, «caliied eain— 
Panecineg OF gain—-switchine, enables ereater amplification of 
points at darse relardations than of points im ebhe vicinity 
Om ZeCCOMrerardati1on., ee loads aS Orten desirable myhen pine 
Sienal 26 smallat large path differences... The nature of 
the internierorram ductates, the type of gain-ranging to be 
used. ~ An interierogcram due To. a broad=band continuous 
source has the appearance of a sharp spike at ZPD about 
which can be seen modulations which rapidly decrease to an 
unobservably low amplitude; whereas, an interferogram caused 
by a sample with very narrow absorption lines shows appre- 
Gea le mintensiiy  evenmate lance: mevandatiions.. nether corner 
Case, a large gain-ranging factor is used; whereas in the 
PAbter case, sult t le vor no) rain—-rancing- ws possible. ~The 
moving mirror velocity should also be selected to optimize 
the signal-to-noise ratio of the computed spectrum. The 
enoice depends upon. the frequency range of intierest and the 
Oerector' Ss response as a iunction of modulation frequency. 

The three variable components of the FTIR instrument 
eGestie. | source, beamsplitter and devectors 

The R.1.1.C. interferometer was used with a water— 
cooled, 125 W, high-pressure mercury vapour lamp, mylar beam- 
Splitters of various thicknesses (12, 25 and 50 ym), and 
a Molectron silicon bolometer which operates at 1.3°K. 

The Nicolet interferometer was used with a water-cooled 


flopar source, and either a liquid nitrogen cooled, type B, 
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HgCdTe detector, sensitive over the range 400-7000 cm 
or a room temperature triglycine sulfate (TGS) detector, 
with polyethylene window, sensitive over the range 

100-700 ema peveralwdutferent dielectric—coated and mylar 
beamsplitters were used, depending upon the frequency re- 
PON Or inveres l.  -lhese warious components and thei: rance 
Or wWSse are -civen an Table 222. 

The Roig leCy and the Nicolet /199 interterometers are 
Ciirerenusin several aspects, Of date collection and pro— 
cessing. Since these differences are relevant to any com-— 
parative discussion Of Spectra collected on these two instru= 
ments a ihey are, brierly Listed in Table 2.73. 

OP particular none, 1S the face thay, the spower specirumn, 
(eo wees (Uarecurootmor UNC sO TMS wSeGuarecs WOmsuUne sine 
and cosine transtonrme, is compuced from the Rois. data. 
ius tne nose wis compured CoO be always positive, rather 
than sandomly positive and mecative. for a noisy spectrum 
wien, the Nneicht Of the baseline 1S shiitted above its true 
value. ) The Nicolet 7199, on the other hand, uses the Mervz 


oe in which the Fourter—transrorm 


multiplicative method 
of the apodized interferogram is multiplied by a phase 
error function calculated by Fourier-transforming a short, 
double-sided portion of the interferogram. The power spec- 


trum and the spectrum computed by the Mertz method, can be 


represented as: 


ne 


oP ig es 1 i be ite 
| yatooten Cat. = anks 
- Saal es oman ike jiatee 


a wou 
nb ~~ 
stietiem to e ieriso abseil & writ 
a 
Awe qoanenrt> omy) 


7 
we 

_ 
a 


- 1 ad = 
La "a "e. a as 7 
’ Sets » aie al > i 
rote 
ta 
as 


ygiivaih TE 


- 
vane © 


re 


| an 2. yet : % 5st nai > ; ; 


i ped ’ : (jpiaee 3G 7 
i loin a 


edt CPt. She astkips off Ao mite 9/14, % en y see, ORs ‘ve 


7 co 

vee MOTO BAY Sid? ne : a1 aniteny DIE 
a i yieoud S24 f gut 7 —— a i216 .. ae 

wmetzieie ¢2te oF eVETaSSe i WN De a7 gre ene: has 


witl & purnio Bait in te Hi jees4. ait? otf shoe es Ss rh 
oe he) iti? ‘Salle Reikr’ ae Ler Bh api ne age 


a 
- ; : ea a: a te 
spate iarl <a ftin aaa ais | Teoe fire sai te it | 


relia. wn pat. yo Dial) Cunieg® leery swute ‘we: Gy 


rere » adie itterTs ‘nn pes base fos 49 2 : 
= omg /eAG at (tS Jarke oe eT og # 7 
Le, aia Uinihiem oye on? wi 7 er. Sie is 
} _ ~ - Por 

7 | 


ad 
_ - 


Table 2.2 source, Beamsplitters and Detectors Used on the 


Nicolet 7199 FTIR Instrument 


Source 


water-cooled Globar 


Beamsplitters 


Ge on KBr substrate 
Di ON CaF, Substrate 
J mLeGron mylar 

6275 MiCronamylar 


2p o> mveronemy lar 


Detectors 


HgCdTe-B (2. Ny 
TESTE eCetOor Wael 


polyethylene window 


cooled ) 


100-7000 cm 


400-4800 cm 
1150=70000cm” 


250—100 ch. 
140-390 cm 
1:00=230 ‘cm 


400-7000 cm 


100-700 cm 


Range of Use 
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slow-scanning interferometer 


Uses <eMmore Compurver 
(Amdahl 470) 


data is collected from 


-X UO, HX 
m m 


ax ax 


CGresolution, Avyely) x ) 
max 


triangular apodization 


Computes DOWEr Spectrum 


Nicoletta, go 
rapid-scanning interferometer 


has its own dedicated mini-— 
eomputer “Nicole Lls0) 


datvarts Collecvedsrtiom 


-X_, 3@ue te 
min max 


(resolution, Av=1/X ) 
max 


Happ-Genzel apodization 


uses Mertz multiplicative 
phase correction procedure 
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FICHE GE Ga. ee: 
and B(v) = De tesa YD 8 eerie Cle ay) 
where |S(v)| = power spectrum 


BV) =“specerum calculated via Mertzm multipli— 
cative method 


Coa Ve Yaumev sy are the cosine and ?sine trans— 
forms, or the apodized, full intertero— 
gram 
eu eo are the cosine and sine trans- 
FOrmswO1 the apodized, ‘short, double— 
sided interferogram. 
2.6 Reflectance Measurements 

The infrared reflectance spectra were measured with a 
modified version of the Harrick retro-mirror assembly (RMA), 
versatile reflection accessory (VRA). The RMA enables re- 
flectance measurements to be made over a continuous range 
Of angles of iancidence. Since this capability was not re— 
quired, the RMA was used simply as a sample holder mount, 
for a fixed angle of incidence. The optical pathway through 
Pas eecessory ust allustrated schemavically in Figure: 2. 3). 
The precise angle of incidence used was measured with the 
Nicolep instrument's alignment laser and the details of 
Bus procedure are Siven im Section 2.64. By dispensing 
with the retro-mirror system, it was possible to eliminate 
Ctewolane Miarroretrom the Optical path, ana “hereby improve 
the accessory’s energy throughput. 


Intel Optical ablienmeny of the retlecuvance accessory 


Wassachieved in two stages, First, a crude adjustment of 
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Figure 2.5 Harrick Variable Angle Reflectance Accessory, 
Moti Led to, operate at a fixed angle of incidence 
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the mirrors was made so that a horizontal beam passed undis- 
rurbed through thesaccessory. This was accomplished: wich 
an auxiliary 5S mW Metrologic He-Ne laser, mounted on a tilt-— 
ing trough support with vertical and transverse slide adjust-— 
ments. 

The heiesht vot the Waser was adjusted to correspond to 
Pee scCeCiLeGL aon mrrror My» and a spirit level was used to 
check Uthat the laser ‘beam’ s path was horizontal, “The image 
Smetne (beam at esome point across Lhe: roomewas noted. ~ ihe 
Perlecvance accessory was then positioned so that the front 
edge of its metal base was normal to the laser beam, and 
this configuration was secured with masking tape. A 
eo! Seyco Ya rOnt—suritace aluminized , Si0,-coated MLeror 
was used as the sample reflecting surface. The angular 


scale on the RMAwwas sey atl LS>. . Mirror My was adjusted 


so that the laser beam impinged at near-normal incidence on 


the sample. Mirror Me was then adjusted so that the beam 
followed the correct vertical plane. The tilt of the laser 
path was.correct.ied by means of Tocussing mirror Mo. By 


snow systematic adjustments of these three variables, the 
laser beam was brought into coincidence with its original 
pach. 

ines rerlectance: accessory was) then transterred tothe 
sample compartment of the Nicolet FTIR instrument and mount- 
Seroums didi ne rans) which ran parallel to theanirareéed beams 
The unit was translated until a maximum infrared signal was 


obtained. This was achieved when the accessory was moved 
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TO the extreme right of the sample compartment, with the 
beam) Uravelling iIromertehy to leit. The energy throuchput 
Was further optimized by slight adjustments of mirrors 

My; Mo» and Ma. When optimally aligned, the energy cor- 
responded to a throughput of 80-90%. A throughput spectrum 
Sw viee rat O=OL SpecClras recorded with, and without, the re- 
filcetance accessory Instue, beam. A typical throughput 


spectrum with a 0.25" diameter reflecting surface is shown 


insriscure 206, ‘Nhe sharp=peaks are due to water vapour. 


2.6a Determination of Angle of Incidence 


pInce the ret leceivity 16 ay Ttunetion Of the ang Neon 
incidence, it was important to know this quantity accurately. 
Its measurement was facilitated by the use of the Nicolet 
instrument's alignment laser. When properly set, the laser 
Simulates the infrared beam and gives a visible light source 
POr Mmappine Che sopereal pathway through the Harrick reflect— 
anceraccessory CHRA)e With the aid of a clear plastic tri 
Molo wine. Vioht. Incidente and rerlected alt they rererence 
mirror surface was traced onto a piece of white paper hori- 
BoOModliy 1 ikea eto tie base plate yor the accessory.) —lhe 
angle between the entrance and exit beams was measured with 
Pp roOuraAcvOr.) By repeating this procedure, “the angie or 
ineidence was determined to be 9.5 with an estimated pre-— 
Gision of +0.1°, After this measurement was made, mirror 


My and the RMA angular setting were never further adjusted. 


we 


: and ; 
“209 Yano ot _ Oe ee 
une alny) ra 


. 


on 


arvtoecdpe T qanstto: ; mile 
~as odt cl ate tw han. aon ew et 
Toate oanya Tas as7¢ 3 x lewd oi? 4 

> 


aeedé ai ober tls ynis ol ard aein t an : 


tyciHye tre 7 ay wv) stearh ok ait 3 ova oo. = 
u . 
Ta ry 3, q x ) aes ; NM 
i¢ds att To 40 ne? a sf tet 
_ i] 
a ) on é 97 a a 4 me ‘ 
os , er to s 7 
; t a 
ey af f ast J as ay i j sey ,? .- 
A f =e ¢< 
Q | ind fi yi > ws 2 owt fp ¢ \ art f 
“Oo. viitet) wil Le j . 
, Sess Lany') ena fi am inate ait! 6a ° iT ast 9004 49 fi 
- Spel fe4 ava) Sf: 4 : 
aj? oitvani®, tools & WO P18 ae! i 4 of 


ange weiss ait ta He" Viog) BOA tnebion? *e&ei * ads s 


{fang waite Bo? ive ue w2O0T a tae isvews adv enett2e* ak a 
Sh ia, : - 

wit} «|. ews ie mae ta oteln anad' at) at hayxs & 

atin beavii@cue Gov Sate? ©)? » BIS sade.i49 wt psee 

; : : he 

Sf alunk ots Tubs 1g aby Paras “@ . 20%S - 


+ on 7, a 


erry fapactenan pe 4eke sardines.” am 


80 30 100 


mele iit 1G), 


ta 
a 


Sample aperture = 1/4" 


Sag) Ze i0j8 Meiaye) B00 
WAVENUMBERS 


Perce 2.6) yoke Lanid—inirared throughput curve for 


Hani Ckeren Leelance Accessory With gold reference mirror 


Aes 2) Sun eLdence. 


Sharp features are due to water vapour. 
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2.6b Design of Sample Holders 

The descien yOL sa Component in an ‘optical accessory re— 
quires an accurate Knowledge of the radiation beam’ Ss path 
and dimensions as it traverses the system. Thus, before 
JecieMinee Nolders. 1tOneunies pOlycrystalline and sinele erys(a |. 
samples, it was necessary to measure the size and position 
Of ~Uherinirared beam impinging on the rerlectane surface. 
iiiswwas 2ccomp Uishiede ie thier ol lowing mannieraneael by 2" 
ErOnt=—supiace aluminiZzedumirror was placed in tue sample 
mount. and avs posilLionewassnoved, A I" by 2) smacroscope 
slide was then covered with black paper (used to protect 
piovographic film wrom bight, exposure) and markings, 02710” 
apart were made along its bottom and side edges. This 
blackened microscope slide was used as an adjustable mask 
im front Ot thevaluminum mirror. The -vertical-and lhorizon— 
tal positions of the mask, corresponding to the onset of 
Signal attenuation, were recorded by monitoring the size of 
the ZPD peak. In this way, the beam size abt whe rei lecting 
suritace’ was determined to be 6 mm: To contirm this finding 
and check the beam's location, a 6 mm diameter aperture was 
Cult OUL Ot ba. PleCe OL the black paper. has was taped to 
tme 1roht surtace cf the mirror, at the position cetermined 
from the previous measurements. It was noted that the 
Mirared Signal was only reduced to 96% of its former value, 
thus verifying the measurement procedure. 

The polycrystalline sample: holder was tabracated from 
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BACK VIEW 


SIDE VIEW 


SS) 


1 CM 


Figure 2.7 Design of polycrystalline sample holder. 


See orasssiouder (bos retaining plave;. ©, positioning pine 
Deecamplenor reterence mirror: EB, brass Stopp Fr," 45 “conical 
iis tLerlon spacer. H, “Allen screws Dy "black velvet 
material. 
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Theel® diameter samplemwas seated on al mmelip,«sorthat 
its front face coincided with the requisite reflecting 
plane. tA teilonespacer and an open-ring retaining plate 
heldSene campite Ssecunclyaan place? and “ambrass stop enabled 
ReDrOduciblespositatoning oLsthe sample holder, )Pihe 452 
Sloping rim, encircling the sample aperture, was designed 
VORCeCLILECECany radiatton snot incident on thessample from 
reaching the detector. However, the measured reflectance 
WIUhDenOP sample was@signiafreants, particularly in the far— 
mMminaved Lesion, Swhereritywassapproximavely 220s. Vihis was 
Over tTOetLheshicheret Lectance of sbrass, which 1s asmonotonic— 
Hie y increasing etunetiongwith decreasing frequency ss Various 
procedures were: tried) in order to reduce this’ background 
rerlectionsitrom the holder, including: vsandblastings 
blackening by anodiZation. “and painting with @ black! absorb— 
ing paint. Measurable success was finally achieved by using 
an blacke velvet materlalwattixed to %theriront face) of the 
holder twith contact cement... The percent reflectance con— 
tributed by the holder was then reduced to approximately 
OMlS% anithe far-infrared region: 

TresdecienmoLtethe single crystal sample holder proved 
BO be: More Oa fi1eu LG. imi elo eta wWas Ces red sVomnay > 
two matched sample holders which could accommodate the 
Sinele crystal sample and reference minror, respectively. 
However, the constraints imposed by the need for exact 
Optical coplanarity of the reference mirror and the crystal 


proved too demanding. For this reason, the same sample 
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holder was used for the sample and background measurements. 
The precision of this procedure will be discussed in Chap- 
tere OL Ciis thesis. 

Te desten of (ihemsing le crystal sample holder as 
SHOWING Pioure 2oou ee bEr was tashtoned from 0725" ttnick 
aluminum. A 3/8" hole was drilled so that various cone- 
shaped pieces could be inserted. This allowed some flexi- 
OPEL IN sme si Ze Or wecryaetal that could) permstudi1 ed... For 
CiesMajTOrivy Of “Une sinele crystal ‘measurements, 2 (/32" 
diameter sample aperture was used. The inside walls of the 
conical piece were tapered at 20° so that the converging, 
incident intrared beam was not Significantly attenuated. 

A second groove was made in the RMA sample mount, parallel 
to the existing groove for the polycrystalline sample hold- 
er lhrecacued) as tatphysical stop. tor vnersinsle crystal 
sample holder and positioned the sample in the correct re- 
flectine planes A piece of black paper (used) to protect 
PhoOLvocraphac daim)ebaped tO the front Tace of the holder, 
reduced the extraneous background reflectance to 0.02% in 
themmid—-intrared region... and to approximately 02037 in the 


far-infrared region. 


PROGMEDCSLSH FOh lh. belo a oamp Lew Compartnent 
lnsborderze to perirormn rei lectance measurements ons une 
Pele tecee. tte was necessary to desien assample compartment 


tiete COUld house the Harrick reflectance accessory. Inecon— 
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ey || 


FRONT VIEW 


1 INCH 


SIDE VIEW 


Picurer2.o — Desien OL Single crystal, sample holder. 


A, Aluminum holder; B, reference markings; C, cone-shaped 
Piscriy Single crystal or reference mirror. Eb. plasticene. 
ieee Lom eSCrew- 6G. pOStulOhing pin: 


Hy lei lon securing serew. 
ia olack ‘paper. 
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BUltaAtIOnN with the Chemistry Department's machine Shop, the 
Vesti Wet raecd eh teure Uno was adopuca: 


The sample compartment 1S comprised of 3 main pieces: 


We rantop plave 


il) seoerectanpulareboxewith entrance and exit pores. 
having vacuumescel ititvings to the wmterferometer 
and detector, respectively. 


i191.) seas DOULOMepLate- 


ATT pleceosveresconciuructed Of 1/2" sthick aluminum. — A 
vacuum tight seal between these three components was pro- 
wided by 3/6" thick O-rings. The reflectance attachment 
was mounted on a stainless steel sliding rail support which 
was bolted to the bottom plate. This feature permitted a 
stich. lateral adjustment of the accessory and optimization 
of the energy throughput. However, the horizontal position-— 
ing of the accessory was fixed so that the incident infrared 
beam was directed at. the center of the first plane mirror, M,. 
The sample compartment was also fitted with two brass 


holders. (One was sed for the various polyethylene filters, 


and the other enabled the use of a polarizer. 


2.6d Reference Mirror and Calibration Standard 

The measurement Of,a, sample"s specular reftlectance.on 
aieiniraread Spectrometer is a relative measurement. Ine 
power reflected from the sample (RsI9) is compared to that 
reflected from a metal surface CRimleoE THUS eeu Ceca bog clk 


the two detected powers gives the relative power reflectance 
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Me) 


ieee re rs 


not drawn Lo scale 


Mogire 2209 sDesien of R.Il.1.C. Sample compartment. 


PrOoO wp laverea. rectanecular box: "CC, interferometer iantver= 
face; D, detector interface; E, bottom plate; F, screw and 
washer. 


| 


‘1240 \ot aes 200 


dig 


of the sample (Ra/H,,J: “ideally, the reference surface is 
perniectly reflecting? in -which case, this*ratio gives. the 
sample's absolute reflectance (Re). The term reflectivity 
1s"only used to express the ideal absolute reflectance of 

a oles bypilcawly. tne metal refilectorwas 2 Ubi iim 
of aluminum, silver, or gold vacuum-evaporated onto a glass 
substrate. 

For my reflectance measurements, the reference mirror 
Wasmelt ner sa cOoldweonled pyrex Mirror or a hard gold 
(Voccelided nickel on copper) “mirror. 9 Both mirrors were 1.0" 
Gaameter T[lats purchased from Oriel Corporation. “Although 
they have a purported reflectivity of >98% in the infrared 
region, it was not expected that this reflectivity remain 
eonstanly with the marrors’ frequent usage. Therefore, for 
precise measurements, it was necessary to calibrate the re- 
ference mirror's retlectance. 


Thesreflection standard had to satisfy the following 


Sequirenents: 


1) its optical constants must be well known. 


hi) sLtaMust  benontiecally “and mechanically .istabie: 
and 
iid) lb mich be Capable of being optically= worked rnvo0 
a plane form, 


Several pure, elemental semi-conductors meet these 
requirements and, of these, silicon was adopted in this 
epldveeeDrs Optical constants have been studied by several 


F é . Sher, WahOhs ters) 
workers over the entire infrared region. 
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Oe eotamever Doubles Or silicon was provideas byaDr. ky 
Werenman, OL the Phycics Department, at the University of 
elperta. “UntOortunatetyomits purity is not known.) | Wiin the 
assistance of Dre ©. Scarie, of the Geology Department, the 
boule wasecut (on a Buehier diamond saw, wsanes distil) ed 
Wever iseas lubricant...» lo Climinate multiple reflection 
efilects, the back tace sof the silicon) sample was wedged at 
10° to the cylinder axis. The minimum sample thickness 
was 0. 25" (see Figure 2.10). 

Pievoprrcal poliching sor the .silicon standards was a 
long and tedious procedure. Mr. B. Arnold, of the Electri- 
cal Engineering Department, instructed me on the technique. 

inemsample was first round On a tlat class plate wich 
successively smaller grit sizes of alumina (lo, 9, and 5 um) 
using water as a lubricant. Each grinding session was 
approximately 5 min in duration and each grit size was used 
Mntil a uniform finish was obtained. After each grinding 
stage, the glass plate was checked for flatness and re- 


ground, if necessary, and the sample was thoroughly washed 


with running water. Polishing was then done on a hard- 
batten Lap. Bats feito at Mata. : i 
ie —»| |«—0.28 
Guepersed in a soap solution was 
10, 
weed, This polishing stage was Re 
| 
continued for several hours; | | 


Figure 2.10) Dimensions of ‘silicon 
Cali brattonvstandard 
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again, each session lasting 5 min. Between sessions, the 
DIitChwlapewas flavrencd by rubbing its surtace with a slur— 
ry of the polishing compound and a warm plate, then press- 
wie Chiceplaveson ihe Yapewiviea brass’ weight sor a 7m in 
Pina Depoliehing *wassperiormed on a ycléan pitch lap with a 
Sltinry On .0,o en aalumina andsd vsti led “water: 

This procedure produced an almost scratch-free, mirror- 
like surface. The optical flatness was determined to be 


1/4 A4 at the Helium wavelength, A=0.59 um. 


2.7 Operating Procedures and Parameters 

The objective of this research project was to obtain 
guantitative, retlection results. For this reason, -consid— 
erable time was devoted to optimizing the various operating 
SCOnNd1TLIONS and LO adopiing 2 systematic approach. “Ihe 
basic experimental procedure will be briefly outlined for 
reflectance measurements on the Nicolet 7199 instrument. 
This procedure was followed after the initial alignment, 
descr iped. in Sections 2.6 and 2.64). 

All measurements were made at room temperature. Since 
puUrtace COndi tion greatly affects a sample %s reflectance, 
Special care was taken to minimize surface contamination by 
always wearing surgical gloves whenever handling the samples 
Seeiittors. | Any dust was: blown otf the mirrors with) con— 
pressed air. 

The Harrick reflection accessory was positioned to the 


extreme right of the sample compartment and secured by means 
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Of a Tetaining plate. The gold reference marrer was placed 
in the sample holder and this assembly was inserted into 
the sample mount of the hMA. The previously opvimized 
operating parameters were then set, and the infrared signal 
Vas MOnLtored on a Chi display. By small adjustments of 
marcrors Mo and Ma (see Figure 2.5), the signal was maxi- 
mized. For all experiments, the gain was set so that the 
ZPD peak measured 5-10 V. Instrument stability was then 
enecked Via 100% Lines. A 100% line is a simple ratio of 
two successively collected spectra taken with the gold 
Mirror in place, The deviation from 100% gives a measure 
of the signal-to-noise ratio and the instrumental drift. 

If the 100% lines were satisfactory and the energy through- 
put of the accessory high (i.e. 80-90% of the open-beam 
value), then no further tuning was done. However, in some 
cases, the instrumental performance could be improved by a 
Smiohierean teonmenty OL whe statlonary mirror of the anver— 
herome ver, 

The instrument was then purged with dry nitrogen gas 
froma ltguide ni proven reservoir ih order toO° remove atmos— 
OierL1e water vapour and carbon dioxide from the oprical 
path. After collecting several background spectra, the 
cold Muirror was replaced with the silicon calibration 
Srandara, A, series of Silicon retlectance Spectra were 
maken an order to check the reproducibility of the positiron— 
ime of the samplé and sample’ holder. The spectrum used Tor 


Calibration purposes was the average of these various spectra. 
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the polycrystalline ‘sample of Ba(Clo -H,0 was pol- 


3)2 
ished on a chamois with iso-propanol or Skelly-B, and 
allowed to dry. The sample then replaced the silicon 
standard. Two successive 250 scan collections were taken 
immediately, without purging. It was found that prolonged 
puUreine "Caused Sieniricant cdererioration of the sample's 
Perbectanee. [his phenomenon 1S discussed more tully in 
Caaprer lil. ihe sample was then repolished” And a tunther 
set of spectra were collected. 

For rer Leclance measurements On the single cryspal 
samples, the above procedure was slightly modified. Be- 
ecuse OL tue ant souropre mature Of the “scingle Crystals wait 
was desired to probe the dependence of the optical constants 
Sie vne CireculJonmand polarization Of the ane1denQ ich, 
relative to the crystal orientation. Therefore, it was im— 
portant to have these quantities well-defined for a given 
experiment. Polarized infrared radiation was produced by 
Verlous wire erid polarizers. The diiterent, substrares 
were: BaFo (near-infrared), AgBr (mid-infrared), and 
polyethylene (far-infrared). The spectra of the gold mirror 
Pesereice  suriaccsand of the single wcrystals rei leciaing 
face. were measured with O° (TE) polarization, Wee. with the 
electric Vector perpendicular to the plane of incidence, 
Thessingle crystals were rotated so that the desired crystal 
Beis waclialiened parallel to this direction. “The reasons 


Porsrotatine the Sample, rather than the polarizer, were 


two-fold: 
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i) for your Nicoley 7199 interferometer, it was noted 
that the energy throughput was generally greater 
TORsO Voolarizavion than for 90° polarize pion. 
Paretcularly in the far-infrared region. 
it) epOl~anIZedaradiation Ae always paradled Lo. tie 
Sample surface, whereas 90° polarizéd radiation 
TesOnily parallel to the sample suriace at normal 
IMeCLlCenice me iherel Ore. shor aneanoleso, sineldence 
Oboe) ~ SOmespolarization intormation 1s, Lost 
to .CO "polarized Ite ht “ls used. 
Altnoush Che basie, procedure for “obtaining reflectance 
measurements was the same for the various spectral regions, 
the particular operating parameters were different, as de- 


tailed below. 


Celia Near-Intrared (bs 00—/7000 Sin ES 


There Lo bar. source. CaF,-Si beamsplitter and HgCdTe-B 
detector were used in this region. The spectral bandwidth 


Was set at 15798 10 ein 


and the high-pass (HPS) and low- 
pass (LPS) electronic filter settings (at which they atten-— 
Wate Dy sdb) Were sce «at i200 Hz sand 100ntHIZz. respecrively. 
The source aperture was 6.35 mm in diameter and the moving 
Mirror velocity was 0. /S9  Cm/ SEC. 

Tiewas founds that caretulb alicocnment of the imvertero— 
Mever stationary mirror was necessary for efTicieny opera— 
tien ii bits tesvon. ly was also necessary to allow the 
system to equilibrate for several hours after alignment, 
otherwise the high-frequency performance Significantly 
deteriorated with time. 


Because the Ba(C10 O samples exhibited very weak, 


3) 2° Ho 


broad-featured, reflectivity in this region, the spectra 
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were collected at 8 cm7) resolution, and with a gain-range 


TACtTOr .Of —o. 


Davy MideIntrared (40024000 em =— 


) 

The globar source, KBr-Ge beamsplitter, and HgCdTe-B 
Cevectorm were Uscisiiethnac Fresion., The spectral. bandywuauh 
was set at 7899.0 ones. ana the HPS and UPS electronic) 111— 
Pere were ser at 1OOCUZ sand 50 KHZ. respectively. The 
source aperture and moving mirror velocity were the same as 
160% the near—intrared region. However, no» gain-ranging was 
used because the sample interferogram displayed large 


alvernating invensity over the entire sampling interval. 


Spectra were collected at 2 cm7+ resolution, 


PA7e. Fareinirared on Nicolet (100-400 Sa 


the clobar source, mylar beamsplitters (3, 6.25, 
12.5 um), and TGS detector with polyethylene window were 
used in this region. A black polyethylene filter prevented 
the unwanted modulated energy above 1300 cmt Lc On eGeac his 
Ene detector, and resulted in a Significant improvement an 
the signal-to-noise ratio. 

The spectral bandwidth was set at 7899.0 cm and the 
HPS-and LPS electronic. filters were set. at 1O Hz and 
2 kHz, respectively. The source aperture was 10 mm in dia- 
meter and the moving mirror velocity was approximately 
Delo cm/sec. No gain-ranging was used for the reason given 
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Because the unsupported mylar films are very suscept-— 
tole to pressure fluctuations which can cause variable 
OplLical path lengths. 20 was important to decrease the 
instrument’ s purge rate. Since the data collections were 
necessarily Longer in this spectral region, the reduced 
purge rate also helped to minimize surface deterioration 
-H 


erfects of the BacCclo Orsamp les \CChapter lil): 


39 2 


Spectra were collected at 2 em + resolution. 
Zo fieeear-inirared) oushelet. Oo. (620-250 One) 

These amps \iylad  beamsplitvers (12> 25 andis0) mm)= 
and Si bolometer were used in this region. Filtering was 
accomplished by various Beckman cut-off filters, which are 


bested vin Table 2 4. 


Table 2.4 Frequency Range Covered by the Mylar Beamsplit- 


Gere wOrenbli Cantley es Ge 


Beamsplitter Filter # (Cut-off frequency) Range of Use 


12 um #4 (250 em-l) 60-200 cm-l 
25 um #9 (125 cm-l) 40-100 cm-l 
50 um #1 (80 cm-l) 20-50 cm71 


Prior to collecting the interferogram data, the sample 


compartment was evacuated to ~0.05 torr. Three successive 


backgrounds were recorded with the gold mirror, followed by 
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three successive sample collections. The resultant reflect— 
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ance spectrum was the average of these three sample runs 


ratioed sacainsh the corresponding ‘background runs, sfhe 
FresoluUvLion Obtained at ter frapodiZzation was ‘el ther is cna or 
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SAMPLE CHARACTERIZATION, DATA HANDLING PROCEDURES , 


AND REFLECTION RESULTS FOR Ba(C10.),-H,0_ 


2 


This chapter describes the treatment and evaluation of 
the experimenual Tellechioneresults {Lor polyerystalline and 
Sing Levervstal Ba(C10,),5-H,0. This involved sample charac- 
terization via X-ray methods, TOmadetermine crystal axes or— 
pentatton= optical quality checks, as measured by ultimate 
reflectance, and conslcuency OL ‘sample preparation, by a 
comparative study of two samples (Section 3.1). The reflec— 
tance data were then averaged, scaled, and calibrated to 
obtain a high signal-to-noise ratio, smooth overlap between 
Spectral rer tons sand saccurare results, respectively (sec— 
wron G42). ) The finaly composite reflectance spectra are pre— 


Senued in Se€CctTLONny o: oe 


Sat) ample (Characterization 

Slade characverizavion on wane le Crystal Ba(C10,)5°H50_ 
Lance, single crystals of Ba(C10.),°H,0 were grown from 

wecaturated —aqueocus solution by the circulation method GSec— 

Micine eA) Liese —eryctale allexhibited a prasmhavie abit 


and. 7:rom morpnological ss welnees we know that the prisma- 


MiCnoIxl es, COlnCvdes with ibhe C-crystal axis, A typical san— 
Slescrystal and lus dimensions are Shown in) Figure 3.71.5 ~The 
relationship between the external morphology andthecrystal's 


fpoint—group Symmetry is depicted in Figure 3.2; the two-fold 


Roipecroleaxis LS shown coming out Of the: page. It can be 
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seen that the crystal has well-developed (101), (011), 
(221), and (110) faces. These faces were identified from 
the Known lattice parameters’ ”?° and measurements of the 
included angle between symmetry-related adjacent faces. 
Me werys la Wacecumeperpendicular tO: the prismauic 
axa Se (SeCt10Nn Zes)) andethie cut facemwas Wsedq in uhe re— 
mECCT LON ShuUdteSs. “AbSecond parallel shice (41 mm thick) 
Ves Uusced= tOmCoOvenmineswiicmOmMlenvat lOm Om whe Crycual pixes 
ineuiiswa beretlectionwptane. The a directuon derinee 
Ene Projecvron Of the a-axis onto the plane normal to the 
c-axis. A preliminary visual examination showed that this 
face was a parallelogram with measured edge angles of 
e277 ie Sand) Je 2 los Comparicon with Figure 323, which de— 
scribes the geometry of the a'b plane, based on neutron- 
Si itPrachLon Golnee oes OL tne lattice constants, shows tiad 
bhe a axis bisects the 82 angle. Since the observed 
crystal morphology does not always mirror the crystal sym- 
metry. this assienment was checked by X-ray precession 
measurements (Section 2.4). ° 


The zero level (hkO) orecession photographs displayed 


iimeovminet nyse gme. Minror Symmetry with respecu, vo bon 


axes. The observed systematic absences were hkO: h+k= 
7 eis indecateduniay the crystal was “e1ther Cs “or 
imecenterca. The reflections were indexed and the axial 


lengths determined from the standard equations: 
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Dut tine Isingleveryctal perpendicular To prismatic c—axis'. 
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Crystal face or Ba(C103)5-HoO Obtained on 105 


a = a'cos (6-90° ) 


Comparison of literature.” and Measured Axial 


Lengths for a b Crystal Face of Bacclos 0 


1e) 


Measured (A) 
(A) SC-—BCLAHZ0=—0 1 SC-BCL:-H20-02 
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where n= h or k index for reflections along a or b 
axis, respectively 


Yn = Separation (in mm) between +n and -n layer 
lines 
Ee=) reciprocal —latyice axial leneth Cae or Do) 
1 ' 1 

bere I are tee 

b a sin sp 
: 105 : 

The literature and measured results are compared in 


Table 3.1 for the two single crystals studied (denoted 
SC-BCL:-H20-01 and SC-BCL-H20-02). Because every second 
reflection is absent, these results are the average of 
only three or four measurements. In the case of sample, 
SC-BCL-H20-01, the axial lengths were determined for two 
different photographs, recorded with exposure times of 
six hours and eleven hours, respectively. These X-ray 
findings confirmed the tentative identification of the 
crystal axes based on measurements of the edge angles. 
Because it is “not possible to distinguish mirror sym-— 
metry from two-fold rotation symmetry in a zero-level pho- 
woecraph, avtirst level (hkl) photograph was also obtained. 
It was found that the mirror symmetry was conserved about 
bae a eaxiis, bUttnOtvabout the b* axis; the intensity of 
the spots differed for corresponding hkl and hkl reflec- 
t1onss stinvs indicated that Chere was a two-fold rotation 


axis along b. The observed systematic absences were: 
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Ho Or oth valies (OLehe anduhkl for even Valves of the 
sum, Nk (7, e. hr k +e —2n +1). !) These absences® in con— 
gunction with the diffraction symmetry observed in the 
Zzero—level® photographs windicated that there was a c-e¢lide 
blane perpendicular, to 'b, and that the crystal was, l=cen— 
tered, givine the total sditiraction Symmetry as 12/¢c, the 
expected space group for Ba(C103)5-H,0 Csee Seetion 3). 
ATtersconiirming the orientation of he crystal axes 
in the a pb Plane weve. CUultssecClLAOnsr. (CONCa Umi oe tae apr is — 
matic cap, were polished according to the procedure de- 
Seribed in section 2.3.) Polishing with cerium oxide and 
1so-propanol was terminated, when no further increase in 
tice sample s rei lectance was apparent... Figures 3.4) and 
3.5 compare the polarized, mid-infrared reflectance spectra 
of samples, SC-BCL-H20-01 and SC-BCL-H20-02, at a similar 
Brace Ol Optical finish. It can be Seen Char vhe agreement 
is extremely good. However, it was possible to ultimately 
Ootain a slaehtiy better finish for Sample —O2 than sample 
-Oiss [he only sienificant discrepancy between the two sam-— 
ples was evident in the region 750-850 eines which has been 
expanded for Clarity in the insets. Sample -02 (Curves B) 
exhibited several weak reflectance features: at 788, 3809, 
and 816 cm? in the b-polarized spectrum, and at 786 cm? 
iieuicrd, polarized, spectrum, whereas, sample -Ol (Curves 
A) displayed only a smooth reflectance edge in this region, 
Under poth polarizations. This may be explained by the 


fact that sample SC-BCL-H20-01 was prepared from 
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Fieure 2.0 “COMpariscon of b-polarized rericecvance from 
(WOljSiace -oOr two Garfterent samples of isinele crystal 


Ba(C10,)5:H,0. 
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Ba(C10,)5:H5O obtained from Allied Chemicals, whereas the 
Starting material for sample SC-BCL-H20-02 was supplied by 
Matheson Co. Inc., and was undoubtedly slightly impure. 
PihiceLracCesImpUuriny els Most, likely Ba(Br0.)5°H,0, which is 
isomorphous+ © with Ba(C10.)5°H,0, and whi eheaccordi ne to 
Reschiccvalie CxXiEDitsemi ni raved 2bsorpiicenepeaks at 
fos S1O0-and 816 em +, Since the corresponding reflect- 
ance peaks show a polarization dependence, this suggests 


Pia obe (E20 HeO) co-crvstallazes with Ba(C10.)5°H (8) abiel, 2) 


3) 9° 2 2 


recular manner. 


See Characterization of Polycrystalline BaCelo O 


peas 2— 

The polycrystalline samples of Ba(C1lO. do -Ho O were made 
Dye COMpAcCling the powder 1nvto a Gisc Using a hydraulic 
press (Section 2:2a). <A final sample pressure of ~800 bar 
Cavers une Dect GUalIty Glscs, as appraised, by their ultimate 
reflectivities, after a strengthening and polishing pro- 
cedure. Although a polycrystalline sample holder was spe- 
Girically destened to accommodate these 1” diameter discs 
(see Ptoure 2.7 )5 Lu was tound that, more reproducible re- 
sults were obtained with the single crystal holder and an 
MUeCrUUte OLe (oe sCHI ore 2.0), Lhush vali tamale 2et leer— 
ance spectra, reported for Ba(C10.,) 9° Ho One Ghiss bhesase 
were measured with this single crystal holder. 

To ensure that the polishing procedure did not induce 
BEructirals changes an the samples, the retlectance was 


Menicored prior to, and aiter each polishing stage. Fig- 
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ure O.0 Tilistratves the dramatic improvement in the optical 
quality Of thessample, achieved after only a few polishing 
Sessions, It is suspected that the features at “1850 em - 
and 2900 cm + in CUsVelbOr Figure 3.6 are spurious, Luce 
tney disappeared Upon turther polishing, The other spec— 
teal weet ures, Chowever, femained fairly constant. an rela— 
tive magnitude, so they are considered genuine. 

Two samples were studied in detail, and these are de- 
noted POLY-BCL-H20-02 and POLY-BCL:-H20-05. The final re- 
flectivities exhibited by these two samples were in ex- 
Cement racreenents paswean Desseen rom Figure 3.7; 

to Ccoltirm the samples polycrystalline nature, sts 
reflectance spectrum was recorded with polarized radiation 
Ghivgure 3,0)= Ithwas found. that, for a2 particular sample 
orientation, all-spectral features observed under TE po- 
larization were retained in the same relative proportion 
under “IM polarization. Thus, the sample was truly com-— 
DOsed Of Landomly, Oradenved microcrystals. The only diuiier— 
ence between the two spectra was a higher reflectance in 
tiie ease son TE polarization. This Vs a consequence of the 
facteatnat wkeweanele of ineraence was 9.0 , and mor 07; 
Prommequations [lpool-[1.40), it cam be determined that aii 
tie normal i1nerdence reiilectance, Ry is) OF 05)) and the “sam 
ple 1s Non=avsorpine., bien at 9.5° incidence, The s-(TE) 
and D=-CIM) polarized reflectances are, R, = 0.002 and 


St se sivine an expected diiterence of Mo = 0.004 or 
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Migure.3.,6 Rei Veetance spectra, of polycrystalline 
Ba(C103)59-H90 before and after polishing treatments. 


Curve A: strengthened sample, before polishing 
Curve BY Same sample, after polishing with cerium oxide 


and iso-propanol 
Curve C: same sample, after further polishing with cerium 


oxide and iso-propanol 


150 


ry a. aes _ "7 
or cart Ge tt a 


AaB 2 ‘bead 


(ai bb buawerle ua. air avirindt tie: 4 
REINS 2 ANE nm stee! " a eratad te: Laas 


ia voi Rear uate 


on 


Oo 
Me) 
Zz 
5 
KO 
2 ee) 
lid 
=| 
ie 
tu 
males} 
She Cir ote POLY=Bcl.He0co02 
oF Curve B = POLY-BCL.H20-05 
LeD0 3700 ScuG eae hay 2200 L708 1200 
WAVENUMBERS 
Oo 
© A 
B 
un 
= at 
5 
om 
O 
Ti ies) 
410 
ie 
Li 
oc 
ip 
ae ee 
r200 TOSe 900 50) 600 50 
WAVENUMBERS 


Mieurewee (Comparison of unpolarized reflectance OL, two 
different samples of polycrystalline Ba(C10.,)5°H,0. 
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Ficure 3.6 Polarized reflectance spectra of polycrystalline 
Ba(ClOsjo-Ho0O with electric vector parallel (TM) and per- 
vendicular (TH) to the plane of incidence, at 9 = 9,0". 
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0.4, retlection. “This corresponds exactly with our mea— 
sured ditference of 0242 reflection in the region 1800— 
3200 emt, Where his calculation Us roughly applicaplc. 

A problem peculiar to the near-infrared investigation 
of polycrystalline Ba(C10,)5°H,0 was an apparent day-de- 
pendencesor, the absolute tellectance. =This phenomenon is 
DiiUstraved invkieure, Shu. Comparison of Lhe unpolarized 
near-infrared reflectance spectra of both samples POLY— 
BCL.H20-02 and POLY-BCL-H20-05 recorded on two different 
days shows that, on a given day, the two samples were in 
very good agreement. However, depending upon the day the 
soectra were recorded, the absolute magnitude of the spec- 
tral ateacures chaneed signiticantly. Several possibie 
Conerivuvine L£actors were investigated, such as sample’ po= 
Sationine. apparavus polarization, and deteriorating Tret— 
erence mirror perlormance,. but the source of this -experi2— 
mental anomaly has not yet been determined. 

Lipo Ovum eiiipieeneach lon was thatetie whieier sre— 
flectance was due to a better polished sample, this was 
Hotmound to be tie: case.. In fact. the lower reflectance 
Curves (co Curves lean Vicure: 3.9) eave a-closer corres— 
pondence with the mid-infrared results, in their region of 
spectral overlap (21200-4800 Gn oe 
It is also expected that the polycrystalline 


BaCeLo ‘HO possesses a reflectance of ~0.,052 in the vis- 


392 
ible region, based on the principal refractive indices of 


the sing ie peyscaly.? act thie sodium D=-line;  vrom Figure 
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Figure 3.9 Day-dependence of near-infrared reflectance 
Ot polvyerveralvine BaCcei0s > oo: 
Gurves | and 2 represent spectra taken on different days. 


The a and b symbols nefer to samples: POLY-BCL-H20—-02 and 


POLY-BCL HoO-055 respectively. 
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O17, 1t cam be seen that the lower reflectance curves are 
ii Det Ler ca ereemen ts with) this anticipated ‘result,. 

For these reasons,) the near-infrared spectra which 
gave the best overlap with the more reproducible, averaged 
mid-—inimared spectra.) werer Used in" the mercine procedure. 

The reflectance of Ba(C10.)5:H,O was found to depend 


UpOh tne wt eneth of time that the sample was’ purged with 


dry nitrogen gas, before the spectrum was recorded (see 
pections 227 and 3.2a)>, This prompted an investigation of 
Whether exposure, Co vacuum an ’the Rul. 2C. sample compart— 
3)9°H,9 reflectance. 


This test was conducted in the following manner. A sample 


ment Similarly affected the Ba(Cl1O 


of “polycrystalline Ba(C10,)5°H,0 was freshly polished with 
iso-propanol on a chamois, and its mid-infrared reflect- 
ance sspectrumiwas recorded fon the Nicolet FTIR anstrumeny. 
The sample was then evacuated for 2O minutes in the &.f.1.C.; 
at =020/7 torr. immediately thereafter, the sample's mid— 
infrared reflectance spectrum was re-recorded. It can be 
Seen trom curves A and B of Fagure 3.10 that no significant 
change had occurred. However, if the sample was evacuated 
fOr a Deriod OLels hours an theR ol Cre tts mid—-imimared 
mertlectance decreasecdseparticularly for frequencies: grea— 
ver phan 1s00 Bee (Gurvec.C andaDie heh iaures 3. 10), In 
the region below 1800 one the changes were sufficiently 


eMoll to suevest that tne samples far-antrared retlect— 


ance was not affected by evacuation. Thus, the R.I.1.C. 
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S210 “hitect, of Sample evacuation on mid-inirared 


reilectance of polycrystalline Ba(C10.,)5°H,0. 
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data is Considered representative of an undistorted sample 


of Ba(C10,)5°H,0. 


fee Data suang lang 
In this section, the data handling procedures required 
to analyze the Ba(C10,),°H50 spectra, are described in de- 


tail. Representative examples have been included to il- 


MSiravesunese techniques, and the spectral anitormataon 
UScCdGe construct the composite: reflectance spectra is 


tap wLeced. 


3.2a Subtraction of Water Vapour and Carbon Dioxide 
Features 
Preliminary specura of oth polycrystalline and sin- 


ole crystad Bacclo 59» indicated that the spectral 


3p 8 
features changed with prolonged instrument purging. Fig- 
CULewin lia iuSst raves willis for polycrystalline Ba(Cl0.,),-H,0. 
Comparison ofrCurvesmAs and B clearly shows thay the chan— 
Fes UG mou InVOLVve 2 oradual deveri1Oorabrvon Of the surface: 
Since this would have been characterized by a reduction in 
the reflectance, at all trequencies. Instead, the changes 
were most pronounced at the peak maxima. Although the 
intensity of most peaks decreased with time, the peak at 
920 em increased, and a new feature appeared at SOLO 
If the sample was repolished with iso-propanol and its 
reflectance spectrum immediately recorded, the spectrum 


(Curve C of Figure 3.11) was essentially the same as that 


Opserved prior to purging (Curve A). 
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Ercure onl  hitece Om sample purcine with dry nitrogen sas 
emia rarcdaretlectance of polycrystalline BaCGl103))o 


-H90. 


Curve “A | betore purging 
Purves ALier lune ins 2 hours 
Curve C: after sample was repolished with iso-propanol 


and chamois 


Horm clarivyeor prescutavion, the Curves A and 2B have been 
Pus cuepy ono mandeonle rel lectdon, respectively. 
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mecure >. il lay Continuation of Figures 3-11. 


Curves A and B have been offset by 30.0% and 60.0% 
Ler lect 1Onwsrespectavely:. 
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Single crystal samples of Ba(C10.)5°H,0 also exhibi- 
Hed ra Pprertereni ial Teduction iInvpeak®intensities with ex— 
tended purging, and a restoration of the original spectrum 
with repolishing. However, because of our previous exper- 
ience with the polycrystalline samples, the single crys- 
tals were never purged long enough to observe the appear- 
ance of any new features. 

Since Ba(C10,)5-H5O is relatively insoluble in alco- 
bol, these Tindines suggest that purging “only affects a 
Vemy alot suriaceslayer.e the most probable explanation as 
Piate che surtace denydrates when the surrounding atmosphere 
becomes very dry. Consequently, the reflectance spectra 
used in this thesis were measured for freshly polished 
samples, immediately after they were positioned in the in- 
Strument. The rate On any spectral change was approxamate— 
ly gauged from the difference between two successive 250 
peal COLlececulons. in the mid= and near-inirared regions, 
Mare CcCOllectvon period (~10 minutes) was sufiiciently 
Siort that insioiitacant change took place. The background 
Spectra of the reference mirror, on the other hand, were 
always recorded under well-purged instrumental conditions. 

A problem associated “with this’ procedure is That avt— 
mospheric water vapour and carbon dioxide features were 
Superimposed on the Ba(C10,)5°H59 reflection spectra. Be- 
fore conducting a Kramers-Kronig analysis of this data, it 
was necessary to remove these extraneous features. This 


was accomplished in the following manner. Recall that a 
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reLlection experiment measures the relative intensities of 
incident: radiation reflected from the sample and from 4 
Rerervenice iL eros i.e. R/R> Wherest he tsubecrvipte sc and 
m refer to the sample and mirror, respectively. The pre- 
Sence (Ot air in the sample compartment modadtiics this mea— 
sured ratio, R 2. , to By serail her 


where the two bracketted terms define the transmittance of 


Watem@ivapourmranducarbondiexudes = The otheriisymsols: are: 
iu 
) 


a SamplewabsoroGivity Cem 


Q opiical pata Length Cem). 
Petes megative™ logacithm of) thie quantity 19 taken. 


We. -log,)(R ), it becomes possible to remove the wa- 


meas 
ter vapour and carbon dioxide features by linearly sub-— 
Practang welonved absorbance spectra Of these intertering 
species. The reflection spectrum of the "pure" Ba(C10.)5 
"HO can then be recovered by taking the antilogarithm of 
iit emCcorrecvcd —opecurum., | [his was the vechniague used: 
Since the relative amounts Of carbon dioxide and water va— 


Mour ane the BaCC1Lo "HO spectra were not constant, these 


39 
spectral features were isolated from a transmittance spec- 
Bruit aire andesbLored ain separave files. in order To) re— 
gmce the level Of Noise generated in the subtracted spec- 
frum, the regions devoid of water vapour ‘Cor CO.) absorp- 
tien in the reference spectrum were réplaced by horizontal 
lenes of Zero absorbance. The subtractions were performed 


by viewing a region of unambiguous absorption by water va- 


pour (or CO9) in the sample spectrum, and ad7guSs Ging the 
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BPcale factor On the reference spectrum until complerve subp— 
traction Of this feature was noted. This stepwise sub- 
Traction procedure 1s illustrated in Fisure 3.129 for the 
Midi vuawed Tellecvance spectrum Of polycrystalline 
Ba(C10,)5°H50. In- the mid= and near-infrared rerpions. this 
method was Quite Straighitorward; bul in the far—-intrared 
rezlom, where Lhewe is Significant absorption by water 


VeDOur sith. Proved Onbesconsiderably more dit tic t.. 


oecb Calibration of the Reterence Mirror 

inorder To,ropmain accurate reflectance values.) at, 1s 
Mecessary that the reriectance of the reference mirror be 
well-defined for all frequencies of interest. This was 
accomplished by a comparison of the known and measured re- 
MreeGtLances Of HeCalloration Standard? im this case, sili 


a Because of the gradual deterioration of the gold 


con 
Poeeore Cites calhorabiony was Only strictly valid for. whe 
Povo which it was carried out. “lhe cutting sand, polishing 
Oietie wedged Silicon standard were described an detail ain 
PocmLone Ode w At boughetne pUrILy WLeour Silicon sis net 
InMowi itis believed that the resistivity, exceeds 0.12 (cm: 
Recording LO Runvenwes silicon samples possessing lower 
Poets hivities, Gisplay a marked increase in their reflect— 
face With decreasing frequency. The reflectance of our 


: -] : 
sTijcon was measured down to 100 cm , and no such increase 


was apparent. 
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iaceire 5.240 oUbEraction Of water vapour and carbon diox— 
ide seatures trom observed reilectance spectra. 


Curve A: measured reflectance of polycrystalline 
Ba(C103)9:H20 


Curve B- ) atter subtraction or CO9 


Ginve Gs after subtraction of H90 vapour and’ CO» 


Curves A and B have been offset by 6.0% and 3.0% reflec- 
tion, respectively. 


163 


The calibration procedure we employed involved sever- 
a Steps iret the extent Of apparatus polarization was 
determined by measuring the relative contributions of s= 
and p-polarized reflectance to the reflectance measured 
with unpolarized light. These measurements were made from 
Uranemisslon Curves: suchwas, thosevshown in Figure 3 slo 
whch were Tecordedmau 9,5 incidence, with the gold mirror 
doe the rerlectingesuriace, and with the wire @nid polarizer 
set vo transmit cither s—= er p-pollarized Might:. ~»The back= 
ground spectrum in each case was recorded without the pol- 
arizer in the beam. The relative S-— and p—-polarized re-— 
tfvectance 'cOnLribut loons: R/R, and Le where a oe 
ere  civemoin Table wo.2 or several trequencics Aan the: mid— 
infrared. For an ideal system, at O° incidence, both these 
GuaniuerLes: would be-0-50 for all frequencies. he non— 
miealaty «Of OU panticulan sysvem as clearly demonstrated 
i Fieure 3-13 by the oscillatory behavior of the s—- and 
p-polarized reflectance, with the s-polarized (TE) compo- 
nent increasing dramatically at low frequencies. 

Sinee tie intrared extinction coeifiicients of s4licon 
Dur oOoOm veMnetavure, Are “very ener 2 its expected normal- 
imeidence reflectance can be determined, to a good approxi- 
Warions trom literature values of the reiractive index, nm, 
according LO Ree (vet )in/ (+2) >. In the mid-infrared recion, 
these values were obtained from Edward's and Ochoa's room- 
temperature channel spectrum measurements on n-type silicon 


Ga 0-40cem), and are listed for several frequencies in 
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“% TRANSMISSION 
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Ppioure +3. 13 —Percent, transmission curves for s-(TE) and 
~-CIM) polarized light through Harrick reflectance 
accessory (¢=9.5°) in Nicolet 7199 instrument. 


ieaole 02) Intrarea Retlectance of Silicon for 10-" inci= 


dence andy Corrected for Apparatus Polarization 
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Eaples3.4. 9 rhescorresponding s— and p—polarized reflect— 
ances for =10° incidence, were calculated via equations 


PeesGlaaneml 138 lcetoe. 


p <= (arcos ier Z poe oS inal Osten. 2 
S atcos 10" p py Ssat O Teanmeoe 


where a = Vinee ine ase 


and these values are also given in Table 3.2. 
ThesretlecvancesOumeitbicony expected or the unpolar— 
gazed Conditions Of the instrument, at 10° incidence, and 
for a perfectly reflecting reference mirror, was then de- 
rived from the sum of the s- and p-polarized reflectances, 


weighted by their respective contributions: 


mecomparisonvor “Lhe Ro and Rio values in Table 3.2 shows 


rateeaneassumplLon Oi —normal—incadence entails nesiliveibie 


: : -] 
eur ores thesmaxamumeerror 2s 20.3% at, 500 cm) = 


Diemsecondeelepein the calibration procedure ianvolved 


Pocordine) several unpolarized reflectance spectra of sili 


eon, to obtain an estimate of the experimental reproduci- 


) 


Mitt ven wher gold mirror to be calibrated was used as, the 


Gererencesret lector and, in the first instance, was assumed 


Pombpes OO@retiectiune,. The reflectance spectra were then 


coadded to produce an average spectrum. The term coadding 


refers to the process of taking a weighted average of a 
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number of spectra, the weighting factor for each spectrum 
being determined by the relative number of associated in- 
Teriterograms -Cseans).) Figure 3.14 shows the average mid-— 
moiraned reflectance olsilicon measured on the 13/01/82, 
ang in Table 3.3, these: reflectance values are tabulated 
FOmrsoveGal LEequencies ror this particular experiment, 
the sample and background spectra were collected with gain 
SBetmtinee OL 2 and My respectively, It was) later) (20/00/32) 
HOUnGd Chateaneerroreexisted in the gain settings of the 
Wwieoke?t instrument “(see Chapver VV), sand that fon=a sample— 
Po-backeround gain ratio of 2/1 (all other parameters the 
same), the resultant reflectance was too large by a factor 
®t 1.013. Therefore, it was necessary to scale the mea-— 
sured rezlectance by the factor 1/1.013, before comparison 
with the calculated 10° incidence reflectance values. 
These corrected reflectances are given in Table 3.3 as 

R Thewactuaiere! Lectance jot the, gold smirrorn was ulen 


Conn 


computed from: R These mid-infrared cali- 


Sadia 7 OU Seopene 
Deacion results £07 cold mirror 473 on the 13/01/e2° are 
euMmmariced in Table 323 and represented graphically an 
Beeure 3S. Lo’, 

Sincemuplia calibration curye To (seric, ly only app ia— 
Cable. vo reflectance spectra of Ba(C10,)5°H,O recorded on 
the same day, it was of interest to compare the calibrated 
3) 9°10 reflectance with the averaged results from 


several determinations on different days, to see if the 


BacC1oO 


reproducibility justified the labour of calibration. The 
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wieure 3.14 Average mid-inirared réflectance spectrum of 
eIewcon calibrations standard, on 13/01/52. 


taole lo. o se CaolLoratrven om Mad—Intrared Rerlectance, ot Gold 


MiLVOr sro wor 13/01 /Ss2 


pCem.) R : ;: ake! Caer 
meas COI LO mir 
4000 0.3144 OV3104 OF 02 Oe 
2929 Os Seis) OS nO ENE OL Oe Ogee 
2000 OF 309 OF S069 04300 O18 
1000 On3.104 0.3064 OF. 300 evn 0) 
800 Os o002 Oye OD2 O00 Cleh5 
600 Oe S0S 7, OF S304 7 OnsS01 OSS 
900 ORO LO Oe 3037 Ok Gn! eRe] al 


* 
Corrected for amplification error: tactvor = 1/1013 
CChapter V ).. 


elicit ated Vellmocmror LO’ =ineadence are from Table 372. 
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averaged silicon spectrum Csee Figure 3714). 
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Table 3.4 Comparison of Calibrated and Averaged 
b-Polarized Mid-Infrared Reflectance of Single 


Crycea | Ba(C104)5:H,0 


u(em +) &R Rp. GR ea ee at 
meas mir cal ay 
4400 9.03 Do 8 4.89 4.87 -0.004 
3529 Ls Sle 20.8 1, Oe 1, OE OR OZa 
So@ J, BE N48 ©), as 9.04 -0.010 
2800 A OS OS AN SS 4.89 s0)5 OIL 
2200 ZN AO) et, O 4.59 4.64 a7), Oia 
1614 2 OS DH 2, (OV) 2.04 +0.020 
1604 9.00 Ores 8.80 8.82 +0.002 
1049 0.0648 ere ©) 0.0635 Of, OS25 -0.016 
Dane, 71.54 Neh. 10) Orem UO. UZ +0.009 
832 24.38 hss, Al AS Re 5 OSI +0.004 
609 13.14 98.7 si. 12, OS -0.005 
508 41.07 Ce). I 40.7 40.92 TORO 0S 
479 Habs ell DORs Kal Was ae) -0.015 


= . 
CHlabrabioneresulus are for 13/01/82" estimated juncer— 
Aimy at Y Rair 7 20:4% reflection. 


“averaged data is the result of 6 independent spectra, 
collected on 3 different days. 


a ies 
ag Cn aa cate 


Pecults Of SUCh a Study are presented in Table 3.4 tor the 
Db OOlarized mid-initrared reilectance of Single crystal 
Ba(C10.,),°H,0. The reflectance was measured at several 
peak and trough frequencies. These values were not cor- 
Bected for amplification error Since both the calibration 
and averaged spectra were recorded with the same sample—-to-— 
background gain ratio of 32/4. 

3)9°H,9 reflec- 


tance on the 13/01/82, after correction for the reference 


It can be seen that the measured Ba(ClO 


De et 


laeror Ss reflectance according to R =R vie 
cal meas mir 


agrees 


very well with the averaged Ba(C10O HO results sewiten 


39 2 

were obtained from six independent collections on three 
different days. The fractional differences are tabulated 
meio last column Or Table G.4. [This erroreis not isys— 
tematic, since the differences are randomly positive and 
negative, with a maximum absolute value of 0.020. How- 
ever 21 Olr Comparison, 1s confined to reflectance values 
ereater than 5.0%, and if the 479 ene. measurement is ex- 
cluded because of poor reference mirror calibration in this 
fesion, then the maximum difference is reduced to +#0.010. 
ines compares with an estimated fractional error of £0” 004 
in the calibration of the reference mirror above 500 em +, 
Pearman overall fractional reproducibility in’ the Ba(C1l0.,)o5 
"H,O reflectance values of +0.030. Thus, it was decided 


that the averaged polarized reflectance of single Crystal. 


Ba(C1O "H,O in the mid-intrarea region, represented the 


3)9 


"true" reflectance, within the experimental uncertainty. 
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This same conclusion was arrived at fromocalibretion 
experiments in the far-intrared region. For example, with 
the 3s um mylar beamsplitter, the gold reference mirror's 
Peilectance was determined (To be 0.994 +0.016G. This laree 
MNCertainty was due primarily to the poor reproducibility 
Cie suCcceSsSive data collections with the DTGS detector, 

The maximum fractional difference between the calibrated 


and averaged Ba(C1O wHeOsresults was 20.03) (based..on 


39 2 
eight determinations, where the measured reflectance was 
Sreater then 0,0). talc compares with a fractional ever= 
aie reproducibility On 10.07. 

The calibration of the reference mirror proved to be 
more 1mportantsain the near—inirared region, Figure S.16 
Shows the near-infrared reflectance of gold mirror #3 de- 
mevedson une O03 (02/625) (he equation ol this’ Vines dever— 
mined from a least-squares fit, was R(v) =-1.823E-0.6y 
On (Cee liieowca Wilbore ul Om TunChwon was Then Used Voreorrecr 


the Ba(C10.,)5-H OPreflectance spectra. measured on the same 


2 
day. The results of this procedure are illustrated in 
Figure 3.17 for the near-infrared a -polarized Trerrec lance 
moon tne (OO) hace otesingle crystal Ba(C10.,)5°H,0. 

Curve A shows the measured spectrum; Curve B as the sSpec— 
Poum arter correction for the reference mirror'’s reflec-— 
tance; and Curve C shows the corresponding averaged mid- 
infrared spectrum. The overlap of Curves B and C in the 


region 1200-4800 oie? fe excellent. thus verityine his 


falaibration procedure . 
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Figure 3.16 Near-infrared region calibration curve for 
coldemurrora7 oon 403 (027,326 
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eure oo. 17 Comparison of overlap region for calibrated 
Dear-inirared and averaged mid-infrared results for 

p= polarized reflectance from (001) face of single crystal 
Ba(C103)9-H90. 


Surve A> uncalibrated, near-inirared spectrum 
Surve 8: “Calibrated, near-infrared spectrum (See Figure 
hy, tee) 


Curve C: averaged, mid-infrared spectrum 
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3.2c Merging of Data from Various Spectral Regions 

In order to Obtain intrared reflectance data over 4 
wide frequency range, several beamsplitters and two differ- 
ent FIIR anstruments were used. The experimental details 
more these Various Spectral ranges are described in “Section 
Zit lO simplity the following discussion, the spectra 
eolbected for a particular Jexperimental set of conditions. 
will be denoted sub-spectra. These sub-spectra were merged 
wo Produce a composite retlectance spectrum. In this sec- 
Wion, a briet Technicalmdcescription of ~Lhis procedure wi li 
Homerven, 10Ollowed by wilustrative examples, details of 
Pac merecineg process [Or Lhe yarious composite spectra, and 
an evaluation of the spectral overlap achieved by this 
method. 

The Nicolet sub-spectral data were stored in separate 
Pin iateger frles. [hese anteger files are characterized 
Dye ne Tact ethat the first block of memory. (302) decimal 
rors )5COnvains Ghe.ilille, Stavus 1mrormation such as the 
Beane lLe spacing anterval (SSP) and the number of data points 
CDP the remainder Of the file contains the retlectance 
data, with each data element occupying one word of memory. 
The corresponding frequency elements are calculated from 
the He/Ne laser frequency of 15798,0 em? and the values 
of SSP and NDP used to record the spectrum. 

The first step in the merging procedure involved plot- 
ting and comparing the frequency regions of significant 


energy common to a given pair of beamsplitters. On the 
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basis of a previous comparison of calibrated and averaged 
Teplice vamce res ltou¢sece wm 1Or .cxample, Taple-o. 4 ew tewas 
assumed that the mid-infrared sub-spectrum was correct, 


endiall Other sub-spectna were scaled, if necessary. to 


Provide Smooth, continuous overlap of the spectral) regions. 


Scaled ‘spectra were stored ans new integer files. Ay merge 
POolmt was Uhen chosen vavvairequency of “excellent overlap. 
and its corresponding file pointer was determined. A 


MWMeree’ program was written in BASIC to combine these sub— 


Spectra at the Selected merce points. Since BASIC cam only 


eperale On i1loavine pointy Hata, it was tinst, necessary To 
make this data, conversion. Afiter merging, the composite 
reflectance data and associated frequency data were stored 
iy separate floatinge=point files. This procedure for mer= 
ping date collected on the Nicolet 7199 instrument 16 ‘sum— 
marized schematically in Figure 3.13. 

Phe method for meroine the far—-inirared reilectance 
CQ coer cOm wie kh. lade Os was slightly more complicaved.. As 
Wesenoved inv Table 2.3, the Ral. 1.C. intensity data were 
processed via a remote Amdahl 470 computer. The three 
Suceessive sample and background collections were Fourier- 
eranstOormedeand raiiecd Fo giye “three ret lecvance spectra. 
ime = avyeraced resuly was then punched Onto paper tape and 
terminated by a Ctr2/D character. This format permitted 
Pie itane to be interpreted by a high-speed reader, intver— 
faced with the Nicolet 1180 computer, and stored in an ASC 


eode file. The Nieolet DEDIT routine was used To Correct 
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Fireure 3.18 


Procedure for Merging Data from Various 
Spectral Regions - on Nicolet 7199 Instrument 


COMPARE overlap rezions of 
Srenitveant "nergy for various 
beamsplitters 


Assuming averaged mid-infrared 
Specurumetouve _COrrecr . oCAlE 
OLNeCINLeglons. as required 


STORE scaled spectra in new 
FTIR integer files 


pe leCtaMinhGh  poditiy. 1c. Lrequency 
LOnmnVwine im Nero mis excel lenveoverlan 
-(COm ool, NIP. fand He/Ne laser 
frequency, determine its corresponding 
FILE POINTER 


Read data trom each i lih 
retlectance file, in turn, and STORE, 
Secordime vOmLileapOintverss, tnemdescired 
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euy erroneous Characters generated by this procedure. 
AELeCr Unis data tile was redefined to one of the sixteen 
available file units, it could be accessed by the BASIC 
“Merge”™ program via an "Input #e" statement, where 'e' 
refers to the unit aSSignment number. 

An illustration of this merge procedure is shown in 
Prourer3.1O2 Wnese spectrarare Of The a*=polariged C001) 
pace On Single erystad Ba(C10.)5°H,0. The upper curves 
demonstrate the excellent agreement between the KBr and 
Seum mylar data, “without scaline, over thesrezion 700- 
450 me: The merge point was chosen at 3500 cmt, The 
Geeo wnemy lar datas alter scalane by a factor of 1,04, mwas 
also in good agreement over the range 700-520 cm -, which 
corresponds to the mylar's second interference fringe, or 
"window". In’ the lower plot, the overlap is ‘shown for the 
peu andescaled) GeZo wim mylar data. “Again, the agreement 
Hock iremely good: the merce point boing chosen (aut 250 em. 
bouwas onsiderca i Ustitiable to scale-up the far—inirared 
spectra, since they were obtained for much longer sample 
eollection periods than the mid= "or near-=inirared data, 
PiomineretoOre =the seoncomitant risk Of samples deteriora 


Pom Was Much preater . 


Figure 3.20 illustrates the overlap of the Nicolet and 


irae Gwar intiraredsdava, The aereement 15) 2eai1n air ly 
good. A constant value of 0.015 has been subtracted from 
ioe R.1,1.C. measured reflectance. This value was estima- 


ted as the contribution of noise to the spectrum. Recall 
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PLouirens sO, Overlap Or mid— and far-infrared rei lectance 
data torea polarised COOL) Stace oOfesingle eryetal 
Ba(C10,.)5:H,0. 

Uoperm plot overlap ot Ker os jm and 6,207 7m (sealed) 
mylar spectra 


Lower plot. overlap of 3 jim and 6.25 jm (scaled) mylar 
data 
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Pisuire s6205 sOverlap on far—-intrared Nicolet and Rsl.1-c. 
datas Or polycrystalline Ba( C103 )o-H50, 
Pury orlieC iO 25 ema): 1230 qm omy lar spectrum ony Nicolet 


Curve B (175-50 oi Loin inverse specerum ons Reale lacn 


(=l.9% for background noise) 


Curve C (100-25 Cae ZO Mvel aay Spec l CUM. ON wheel «ln 
(-1.5%) 
Curve D (70-0 cma e arviticial wing generated from 


R(v) = aexp (bv) -0.015; where a=0.17, b=0.007. 
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PCO ee Ul Olea. po tia thie fll... intensity data 1s. trane— 
formed to a power spectrum, for which the noise is always 
computed to be positive. The low frequency 25 um mylar 
reflectance data exhibited an apparent exponential decay 
to> zero: Trequency., This) observation was verified by f1t— 
tine the reston from 25-75 ous to Rv) =a exp(by). with 
a Ol sand, b= 0,007 It can be seen that thirsvartit yeia! 
wing (Curve D) simulates extremely well the low frequency 
iam (Curves) and -2s jim CCurve C) mylar retilectance. data. 
The merging data used to construct the composite re- 
plectance specura o1 —polyerystalline andvsingle crysval 


BacelO HO, pare compiled in Tables 3.5 and 3.6. The 


3)2°Hp 
relevant intOormabaon, aneludes: itrequency région employed, 
the number of averaged spectra, the total number of scans, 
pmo Lie scale aactor msed in the merging. “The validity or 
this procedure was ultimately assessed by the maximum frac- 
Pr1onal errors CAR/R) observed in the peak and trough re— 
Plectance yalues for a given pair of merged sub—specira. 
Diese treeriona lb discrepancies-are Listed anelable 2772 9 it 


Gan be seen that the overlap is generally very good, except 


in regions of very weak reflectance. 


Pas) her lection Hesults: for Ba(C10.,)5*H5O | 

Im the previous sections (3.1 and 3.2), the techniques 
for characterizing the Ba(C10,)5:H,0 samples, and treating 
the primary reflectance spectra, were detailed. The final 


composite reflection spectra, which were obtained after 
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Table 3,0 Merging Data for the Composite Retlectance 


Spectirasot Volyerystalline Ba(C10,)5°H,0 


Frequency region #Averaged ( ee Scale 


Beamsplitter employed (cm-l) spectra \#F#ocanss Factor 
CaF,/Si 4000-7200 5 CLE2 50>) he) 
KBr /Ge 550-4000 a (3100) dlc) 
or or 
KBr /Ge 950-4400 df C3100) 10) 
3 ummylar 203-550 4 C2500) 10 
feo wi My Lar 170-203 4 (3500) ieee) 
CGlobar) 
* 
Pein my lar 90-170 3 G3) ee 
(Hg lamp) 
or or 
* 
Poeun mylar 64-170 5 3%) awe) 
(Hg lamp) 
* 
artificial 0-64 3 G3) Ne 8) 
wing! 


‘wing peneracved from RC) =a exp(bv), where a-—O. 17, 
p= 0.007. 


* 
eeconstant backeround retlectance of 0.015 was subtracted, 
before merging. 
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Table 3.6 Merging Data for the Composite Reflectance 


Spectra of Single Crystal Ba(C10.)5 


Beamsplitter 


KBr /Ge 
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these data handling procedures, are presented in this sec- 
tion along?with a tabulation of the fundamental peak re— 


Plectance Values. 


3.3a Near-Infrared Results 
The room-temperature, near-infrared reflectance spec- 
tid Ore DOTMmOO LYCrycla line wand single vervetayl. Ba(C10.)5 


"HAO, recorded at 9.5° incidence and with a resolution of 


8 cm are shown in hicure 3.21. 


Curves A and B were measured with the electric vector 
perpendicular vandiparallel, respectively, to the beaxis: in 
the (001) crystal face; polarized radiation was produced 
by a barium fluoride wire grid polarizer. Both of these 
reflectance spectra represent the average of four indepen- 
dent measurements made on the same day for samples, 
SC-BCL-H20-01 and SC-BCL-H20-02, and calibrated according 
tomtne procedure Of Section, 3. 2b: 

CunverG depicuse the wnpolarized near-infrared retilect— 
3) 9° H50. Because of the 


apparent day-dependence of this spectrum (see Figure 3.9), 


ance: Of polycrystalline Ba(CCl1oO 


the experiment which gave the best agreement with the 
averaged mid-infrared results, was selected for the merg- 
imeeprocedure, Simce the mid-infrared results were highly 
Reprogducable, this selection criterion was considered to 
pemreasonably Valid, Thais “best” near-inirared spectrum 
feoeshown. in’Curve:C of Figure 3.21 and also in Figure 3.22, 


where it is compared with the averaged mid-infrared spec- 
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Brotxve.o.2 Near-intirared reflectance spectra of poly— 
fiyscvaliine and polarized (OOL) face single crystal 
Bal ClO3)o-HoO, at ~208°K and 8 cn = resolution. 


Curve A: a -polarized spectrum of (001) face 
Surve &:) b-polarized spectrum of (001) face 


Curve CC: wUnpolarized spectrum of polycrystalline sample 
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Bioure S22 )COMpar2son Of Overlap region for “best” near— 
infrared and averaged mid-infrared results for polycrystal- 
bine Ba(Cl0Os)9-H90. 


Arrow indicates merge point for composite spectrum. 
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trum. ft represents the average of five independent sets 
Or ret leetance measurements on samples, POLY—BCL-H20-02 and 
POLY-BCL: 20-05, reeorded on the same day. The spectral 
overlap with the mid-infrared data, in the frequency re- 
gion where the CaF,/Si and KBr /Ge beamsplitters beth pos— 
sess Significant energy, is excellent. 

Toe iswinveresting tommote that the spectra obtained 
for the (001) face were relatively featureless, whereas 
fHhespolveryatvalline spectrum exhibited several broad re— 
ilectance peaks and) a high Irequency reflectivity ereater 


Eitan that found for erther ‘single crystal spectrum. 


HOD. Polyerysua line Ba(C10.), 

The room-temperature, unpolarized reflectance of poly- 
crystalline Ba(Cl0,),-H,0, over the range 50-4200 as ies 
Slownein Micure 3.25, 9 2his spectrum was recorded atp 9.5 
meitdence and with a spectral resolution of 2 em +. Or eT 
Prvawoetpalningd. CO, tie production Of this composite reflec— 
tance spectrum are summarized in Table 3.0. 

Ther fundamentals rerlection bands are Characterized, by 
their peak and trough reflectance values in Table 3.8. The 
minimum reflectance of 0.002 at 1063.9 a OCCURS pUC Mile i 
frequency of the maximum observed reflectance of 0.986 at 
B16 27 mes) A more detailed compilation of the measured 
reflectances is given in Appendix B, where data are tabu- 
lated at frequency intervals corresponding to a change in 
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reflection of 1.0% below 1200 cm 1 and 072% above 1200 cme 
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Pigure 3.20) Composite ret leclance Spectrum Of polycrys- 
talline Ba(C103)9-H90 a 206 °K and 2 em- = esolut ion. 
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Table 3.8 Peak and Trough Reflectance Values for Funda-— 


mental Bands of Polycrystalline Ba(C1l0.)5-H O 
Vv 


Z 
at 298°K; resolution =2 cm? 
PEAK TROUGH 

Ymax om ») Rnax Yin (om) Ronin 
I6..0 User 104.3 Ol36o 
LOGS O20 Races Oras 
et op OCs L. ifs Sel 0. 302 
ES ye aA. Scns 1 AT SG 0.068 
149.4 O20 7.2 LOS 0.055 
164.0 0.078 ae 0.049 
ie oo O052 LSDiss 0.045 
206 3 ead 244.9 0.041 
as ow 8, 0.050 ee ee Bas 0.064 
391.4 6 Raole bs 435.9 0.061 
458.0 Geral 463.8 0.069 
450, 1 0.114 482.1 Pea ne 
486.9 eS 498.5 0.097 
BO4ee 0.145 314 39 0.014 
BSe2 0.114 G20 5d 0. 028 
921.8 OLs0 FE 936.2 0.136 
ekg owets 0.586 1063.5 002 
1603.5 0.054 Gwe al 0.034 
abel ah D2 bo oe eee 0.046 
oot ois 0.065 Ss60Sie1 0.034 
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3.0C Single Crystal Ba( C10.) -H,0---Mid- and Far-Infrared 
The room-temperature reilectance spectra of the 

COI Bcrystaletace vor Ba(C10.),-H,0, over the region 100- 
4200 ema abe resenteaqsin Kicures. 3.24 and 34254) These 
a'- (Figure 3.24) and b- (Figure 3.25) polarized spectra 
were Measubed withthe E€lectric vector perpendicular and 
Parallels Loutne b-axis, “respectively. Both spectra were 
recorded at 975  ineiddence with a resolution of 2 oi, 
The polarized radiation was produced either by a silver 
bromide (500-4400 cm +) or polyethylene (100-500 em +) 
wire grid polarizer. The weak feature at 786 om im the 
@e-polarized spectrum isc most likely due to a trace impur— 


inv Ot Ba CBroO *H5O (see Section 3.la). 


39 
Merging -=dateayerelevant to the production of these com-— 
BOstLe Spectra, are compiled ian Table 3.6. The peak and 
trough reflectance values of the fundamental reflection 
bandsware listed in Table 3.9. The minimum observed re— 
ilecvanee or 0.0004 sat 1048.1 ene co amanhie b-polarized 
Spceurum andiecates, Bhat the contribution of stray madiation 
to the measured reflectance is negligible. The maximum 
Observed reflectances in the b- and a'’-polarized spectra 
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Figure 3.24 


Composite a'-polarized reflectance spectrum 


Beeco0L) face o1 sinele crystal Ba(Cl103s)9-090 at ~298°K 
and 2 em-! resolution. 


The feature at 786 cm7! is most ltkely due Vo a trace am- 
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PADLe 3.95 Peak and Trough Reflectance Values for. COOL) 


Face of Single Crystal Ba(C10.),-H,0 Ae Oe I 


resolution =2 cm? 
E || b 
PEAK TROUGH 
ape » Rnax “min (om) Rin 
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CHAPTER IV. 


THE OPTICAL AND DIELECTRIC PROPERTIES OF 


POLYCRYSTALLINE AND SINGLE CRYSTAL Ba(C10,),°H50_ 


Thatesenapter presents Lhe Optical and) dieleerpric con— 
Stante derived from the measured polycrystalline and polar— 


Zed sinele crystal reflectance spectra of Ba(clo 29. 


2p 
in “the case of the single crystal data, these parameters 
were obtained from both a Kramers-Kronig (Section 4.2b) 
and a combined Kramers-Kronig/classical dispersion analy- 
SloeCsecllone4:,3)] For the polycrystalline data, only the 
former method was used (Section 4.2a). These results are 
prefaced by a description of the Kramers-Kronig computer 


program (Section 47la) andvan assessment of its accuracy 


Wied similatredumre:lectance.;data (Section 4.1b)- 


ao, Kramers=-Kronie Method, tor Obtaining Optical Constants 
The Kramers—Kronig (KK) procedure for the conversion 
Siamedeured retlectance) to. Optical “constanus was descriped 
in Section 1.2b and its general mathematical basis is out-— 
ined in Appendix A. This section describes the implemen-— 
tablon OL thre KK method in the analysis of the Ba(C103)o 
*H50 reflectance data. Details of the computer pregram 
are given, including how the KK-integral was evaluated, 
and any approximations involved in the calculation. The 
prosram’ s accuracy, and the effect of the finite invegra— 


tion range are illustrated with theoretical reflection 
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data, for which the optical constants are accurately 


known. 


4.la Description of Method 
The Kramers-Kronig program was written in Fortran for 
peneral use on the Nicole, 130 computer, The following 


form of the Kramers-Kronig integral was employed: 


ve co On ee) — gn RCv, ) dv, 


6(v.) = —S fo SS. [4.1] 
I De, eee 


yA 


because experimental data as only available over the finite 


frequency range (\v \e this vintpesral wos rewrite 


. W) 
(alee < aakelbis 


Ba ble SUMO ethrec interrals with antegration bounds of 


[0 legit 


im and= tv ,@], respectively. This 


cae Vee) 
min min’ max max 


formulation issshown in’ Equation [1.76]. The contributions 


from the regions (0, ) and i a) are unknown, there- 


min 
DY Making at Gecessary to assume some form of reflectance 
behavior beyond the measured frequency limits. 

Since the near-infrared reflectance of Ba (C10. )5°H50 
Pomel Vel s COmolanlL sand =tner Crystal 1s sUransparent. UGC 
Visible viiteht, "it 1s "reasonable to make an extrapolation 
Or constant iret vectance fTrom’y TO. intintey., watoetihe 


max 


retlectance coud Lavo Cee oy Although a constant rei lec— 


Gance extrapolation of the low frequency data, with the 


) is more tenuous, the 


i 


reflectance equal to that of aOR es 


Paneeuotsextrapolation is very narrow Cless than 100 cm ~). 


Puce Ree red tit Die error ancurred iby) these approxama— 


PLoOnes te small because of the local character of the KK— 
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motesral (see bection I92b) and the fact that the recion 
Of prominent infrared absorption was measured. 

The 2ssumptvion of Rw “equal “to R(v ax? for frequen- 
cies greater than Me pie and equal to RCV an? for frequencies 
less than Dee enables the contribution of these wing re- 
Sons to be determined toy rigorous integration according 


to Equation [1.77]. For the measured region (v 


ae 
tHe integral was sevaduated by a S-point, Simpson's rule. 
iis procedures is iiiustraved schematically in Ficure 472 
and the relevant mathematical expressions are summarized 
in Table 4.1. The only difficulty arose when the frequen- 
e1ies ve and Me were equal. It can be seen from equation 
Ian]. that the integrand is undefined for this Limiting 
condition. This problem was circumvented by assigning the 
average value of the integrand function for the next- 
neighbouring points, Ue and Cea to the ee 
This procedure is merely an application of g'Hopitals rule. 
Ween Gite Condition Occurred at the border ol wo Jantegia— 
BmrOneSub-Intervals Of dimtrerenbh erid spacings, © and: A, 


then the wetghted average value of the next-neighboring 


POIDLS was assigned to the integrand function, cies 
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Higures4 is) Schematic ots Kramers—Kronis™ computer program, 


with Simpson's rule integration procedure. 


FOR I=1, NPTS 
READ R.,v. 
1 al. 


CALCULATE OR Due 


FOR I=1, NPTS 


(NPTS-3)/2 


22 


i1=1 


(NPTS-1) /2 


+4 
ves” 


eCv,) = Tee + Fes) + Tee) 


CALCULATE 


n(v5) K(v,) e' (v5) e' (v5) 
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Because” or thersimpson's rule algorithm, each distinct 
integration sub-interval must contain an odd number of data 
POInvVe. weASCNeClka LOrmtnic COndi tion anda suatable correc— 
tive measure were thererore included in the prerram. 

It was found thatthe program execution required typi— 
cally six {hours or (thescalculation of the phase at every 
Poin gine, 42000 dataspoint array. that is (4500)° evalua- 
TLONSfOt elem Mresrancerunclilon. » fo permite more. rape, 
qualitative checks of the KK-derived spectra, provision 
was made to calculate the phase at only certain specified 
frequencies. 

From the derived phase angle and the measured reflec- 
tance, the corresponding optical constants n and k were ob- 
taanedeirom equations [2744| and [1.72]. which have been 
rewritten in Table 4.1. These equations assume normal 
incidence, although our experimental measurements were per- 
formed at 9.5° incidence. However, it was previously 
Shown, in section sezb that whe error introduced ‘by this 


approximation is generally very small. 


4.1b Analysis of Method 

Before the Kramers-Kronig program was applied to ex- 
perimentalereilection data, ats integrity was checked with 
Baeorel toca retleetance data, for which the opvical ‘con— 
Stents were accurately known. Since the uncertainty in 
the measured reflectance was eliminated, it was possible 
BORMTOCcIS On theserrors due to the constant reflectance 


extrapolation and the mathematical approximations. 
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The classical dispersion method, described in Section 
cab, Was Used to generate Synthetic reflection spectra. 
hecal thal this Modelwasscumes that the real’ and amaginary 
Orelectric Conetants can be expressed as the sum of damped 
harmonic OSculllator = hincuLons. The band prota les ton 2 (oo) 
and. (vy) are then determined by the oscillator strengths 
ay the resonance frequencies var Che dampins constants 


Y and they assumed wconstant contribution trom all unob— 


Jj 2 
served oscillators to high frequency e€_. The appropriate 


aol Plone aon men «)eandme .(O)in Derms: of 052, 7... end 


ay le 
ve fOr NFOcGila toms... are civen in equationsi{) jo4 | and 
fenool, The rer lectance spectrum R(yv) 1s then calculated 


from the complex dielectric function, ay ys SC ae. ee 


recordin LO: 
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iiese steps an whe generation of a Synthetic reflection 
Spectrum are Summarized in Figure 4.2. To distinguish 
Das data ac theoretical, it is denoted with a subscript 
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Figure 4.2 
With theoretical reflection data 


GENERATE theoretical 
reflection spectrum: 


INPUL ee 7eosciiiators | Nh 


Moree OT =1,N 
v5 j ry: ‘ 
Ce ea A) 
o° min? max 
FOR Wi=evene..y STEP Av 
min’ max 
CALCULATE: ex,(v), e4¢(v) 
CALCULATE and 
PLOT: Rt (v) 


CHECK Kramers-Kronig 


program: 


[INPUT vy, Re CV) 


Kramers-Kronig transformation 


STEP Aw 


FOR vy 


CALCULATE 6 (>). e (v) 


Schematic for checking Kramers-Kronig program 


PLOT and PRINT 


SC ON) 


COMPARE 
theoretical 
and 
KK results 


PLOT AND PRINT 
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In our case, the assumed oscillator parameters were 
obtained {rom Spitzer and Kleinman's?° dispersion 116 sLo 
the ordinary ray Claes retlectance spectrum Of Quarts, and 
ace listed in Table 472. The reflectance spectrum computed 
from this set of parameters on a 1 em + grid over the fre- 
quency region 200-2000 Pigg ace cnown on Pigur eet oten lisean 
De Seca Liat tt) bears a2psuperiicial resemblance to the in— 


frared rerlectance spectra of Ba(ClLo -H,O and, therefore, 


3)9 2 
SnouUld> provide id realisvic panalytical model. 

invorder To undersvand “bhe eifect Of the finite anre— 
sration=LimatssOon-thesaccuracy Of the derived optical con— 
stants, the Kramers-Kronig analysis was performed for three 


different frequency ranges: 


Dye lsOl pointe encoded at 1 om - intervals from 
200-2000 -em—" “(Spectrum A) 


ii.) | Spectrum—A +39 points encoded at 5 ai inter- 
vals from 10-200 em-! (Spectrum B) 


iii) spectrum B+40l points encoded at 5 cm + inter- 
vals from 2000-4000 cm-! (Spectrum C) 


The real dielectric constant spectra e'(v), computed for these 
various integration ranges, are compared in Figure 4.4 with 
the "theoretical" e« (v) Speeurumes andea wist som Vane e' (v) 
pide) Cyn peakeandetrouch values ais given an Table 4.73. 

The theoretical values are underscored for easy comparison. 
It can be seen that the choice of integration limits has 
btpile erteeteomebhne calculated frequencies of optical 
structure, but hasa significant effect on the amplitudes of 
these features. The narrowest integration range, Curve A 


(200-2000 em ay) gave relatively poor agreement with the 
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Table 4%2 9 Parameters Tor a;./—Band Simulated Spectrum Gen— 
erated from a Set of Damped Harmonic Oscillator 


Functions 


Resonance frequency —Oseillator Strength Damping Constant 


v3(em-1) S3(cm-2) v4 Comet) 
1227 1.35 x 107 135.0 
1163 Wessex 102 6.98 
1072 EIKO Se ee) 7.61 
797 6.98 x 104 ley 
697 Bei x 102 8.36 
450 1.66 x 109 4.05 
394 belie x. 104 HS 


2S Sew k frequency range = 200-2000 em-!: resolution =2cm-l. 
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Moeure 4,3. Theoretical reflection ‘spectrum derived from 
Grespersion,parameters of Table 4.3. 
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Figure 4.4 Comparison of theoretical ec’ spectrum and Kramers- 
Kronig derived «' spectra for various integration ranges. 


Curve A: 200-2000 cm-l; datalatehecm- | intervals 
Sure o-l0-2000 cm-- 10-200 cm-! at 5 em-) intervals. 


200-2000 cm-! at 1 cm7! intervals 


Curve ©; 10-4000 cm-l: 10-200 cm-1 and 2000-4000 cm-1 


at 5 cm-! intervals, 200-2000 cm-! at 1 em-! intervals 


Curve D: theoretical «' spectrum 
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Tabples4+o. Comparison of Theoretical and Calculated Di= 


electric Constants for Various Integration Ranges 


ey) Ses) 
Intvegrat 1on . ' ' " 
range (cm-l) ‘max ‘max “min ©min “max © max 
D 299) 29809 39D) (=p V456 So4 84, 30! 
A 200-2000 3925 247 95 395 -15.476 394 Aly303 
B 10-2000 SUZ como o> 395 -15.548 394 43.464 
C 10-4000 eywien | heh kereiyf 395 -15.464 394 46.862 
D 448 48.042 452 -43.040 ADO 291209 
A 200-2000 447 34.992 452 -37.496 ZOO w (2 Old 
B 10-2000 447 38.035 452 -39.141 SO aie olay, 
C 10-4000 448 47.121 452 -42.746 450 89.998 
D 693 ely Sei LOL Zoos 697 Lesooud 
A 200-2000 693 or 701 2.493 697 i eleirs 
B 10-2000 693 3.894 Ol Py, OOS) 697 1.648 
C 10-4000 693 Sy eOD TOL A OMGIS 697 1.540 
D Tasks} 9.413 801 -2.679 (9C Vana 
A 200-2000 193 S.2o4 800 -2.720 (Ro ey 
B 10-2000 793 Seon 800 =o eke COE NAGS TT 
S 10-4000 193 Le) ae) 801 -2.677 CE es PS) 
D LOGe! “497359 1076 “=44 809. 1072 -94.,370 
A 200-2000 VOG ome TEOTOT 9107578 =32 7856" LOT” "65709 
B 10-2000 LOG Se 2S nore) bO7 51 307,439 VOT oor ol 
(G 10-4000 1068 47-2299 “1076 —44,005° 1072 917652 
D 11GO ~=07 982° “1166 —2RSOom UGS Th Rese Th 
A 200-2000 PiGOMs=O05Ss3 9 2166 = 000s GS 1605 
B 10-2000 11608-07869" -Lil66 =2,060 sell Ge 1G Ls 
C 10-4000 L605 7—0.977 > 1166 =2,046-) 1163 1.848 
Theoretical data are underscored. Frequencies are in 


em-1l 
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"theoretical spectrum, Curve D. Including reflectance data 
down to 10 cmt made 7 cligne improvement, particularily tor 
the tow trequency features. However, extendins the high 
rrequency retlectance data to 4000 em? (Curve C) made a 
dramatic improvement to all calculated features. Visual 
comparison of Curves C and D shows excellent agreement, al- 
Though the discrepancy increases with increasines frequency. 
The most lMikely source, of this residual error 1s the con— 


stant reflectance extrapolation from 4000 > cm. 


Ae Kramers~Kronig Derived Optical Constants for Ba(Cl0.).5-H5O 


This section presents the results of the Kramers- 
Kronig analysis of the measured polycrystalline and single 
3)9°H,9 reflectance spectra. . The basic pro- 


ecdure was Ghat Olllined in Section 4.1 for the transtor= 


crystal Ba(CC1o0 


mation of the theoretical reflectance data. However, since 
the R.l.1.C. far-intrared data and the Nicolet near-intra— 
red data were obtained with a different spectral resolution 
than the Nicolet mid- and far-infrared reflection results, 
it was necessary to treat these different frequency regions 
fe aGiscvincte iMmbecrauHon SUb-1ntervals: Furthermore, be— 
cause of the requirement of an odd number of points per 
Slo-tuvervalevhere was Usually NO Ltrequency, Common 10 
Meiehborinc aintesration regions. Thus, trapezoidal inve— 
gration was used between the lowest frequency data point 


Of one resion and the highest frequency point of its neigh- 
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bor.,, [hese integration sub-intervals are defined in Fig— 
Ure 4-2, enc the method of antesration employed in each 


region is indicated. 
4.2a Polycrystalline Ba(C10.,)5:H,O_ 
The polycrystalline Ba(C10.)5-H,0 reflectance data 


Were processed in threes, ditierent ways: 


i) using measured reflectance data from 50-4000 em71 


(Range A) 

ii) using measured reflectance data from 64-4400 cm 
and an) artiiicial wine generated from RG) = 
aexp(bv)— 0.019, where a=0.17 and b= 0.007, in 
the region 1-64 cm-! (Range B) 


iii) using measured reflectance data from 50-7200 cm-l 
(Range C) 


Ghe input data to the KK-calculations are stimmarized in 
Table 4.4, which gives the number of data points, the ex- 
trapolated high and low frequency reflectance values, and 
the modes of integration. 

The Optical and dielectric constant spectra derived 
tom anvesration range A are shown in Figures 4.6 and 4.7, 
respectively. A detailed compilatvon- ot the eS (yw) and 
e (vy) values is given in Appendix D at frequency intervals 
corresponding to a change in | (veo O22 unite peLow 
1200 cm7 + and. O204) units above 1200 oa Spurious nega- 
Pivewdipe arewevident in the k(v) and = (v) spectra at 


il at 


~8330-900 cm. (-0.14) and 3700- 


4200 See GOOG), lie nunbers Minyparenuhieses sale. ie max — 


C0755 ) (5900-2450 cm 


MUM evbies Of tne G@ips ine '(y) over the specified) re— 


Sirol Tite physically unacceprable result has been en- 
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Figure 4.5 Definition of integration sub-intervals for 
Kramers-Kronig integration procedure. 


Sub-intervals Desecripeion 
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Integration Range Data for Kramers—Kronie Trans-— 


formation of Ba(C10.,),-H,0 Reflectance Spectra 


Frequency 


range(cm-l) 


115-4400 


105-4400 
105-6500 


1-4400 


50-4400 


590-7200 


#Points 


4445 


4455 
4534 


4664 


4584 


9009 
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Picires4.6° Optical constants n and k for polycrystalline 


Ba(C103)9-Hj0 at 298°K; resolution = 2 em. 
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Figure 4.7 Dielectric constants e' and ec’ 
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eountered by Several other workers in the Kramers—Kronig 
analysis, Ole retlectionmdaran(See, for example, .ccct lon 1.2). 
In Table 4.5, the KK-derived values of e'(v) and 
= () tor integration ranges B and C are compared with 
tnose ef range Av for several frequencies. Consistent with 
OurSEneore tical modelecalculavions, the positions Of opt1— 
Cale siurcucvlre were Pitple aitected by "the choice or anve— 
gration range. However, inclusion of the simulated reflec- 
tance wing for the region 1-64 em? (rance B) antroduced: 2 


fiitiylarcesnecatavesiip in the © (i) spectra trom l-72- cm! 


and increased the negative dip at 2900 em71 by ~12%. Above 
1000 om7*, the derived optical results were in close agree- 
ment with those of range A. For these reasons, it is be- 


imeved that Une amurriciadl wane, alvhough tt reproduces 
the observed reflectance in the region 30-70 ein extremely 


well, does not accurately describe the reflectance behavior 


for frequencies below 30 ene. The results for integration 


range B are therefore considered less reliable than those 
of range A. 

When the measured near-infrared reflectance data was 
included in the transformation procedure (range C), there 


was little change in the derived e«'(v) and e (v) results 


for frequencies below 800 ae However, in the region of 


il 


the strong Cl0,- absorption, from ~900-1000 cm, there 


3 
were Significant differences with the results of range A; 
in particular, the negative dip in the e'(v) spectrum at 


=900 em? increased by ~20%. The range C data also pro- 
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feb lLeue vos rect OtmInbesrarion Ranece on Calcul ateduDi= 
electric Constants tor Polycrystalline 
Ba(C10. )5+H5O0 


a) Ee Cy) 
Frequency 
v(em-1) te Ba ey A B C 
C222 8.84 8.88 8.84 ess S087 W567 
92.7 S26 pLOkl Olt 18234 UAaye ACER MATER GRO S Me Aa\ 5 
122-26 O59 uel 0.98 Ge Om a4 6.88 
164.1 Ten alee, lee ie as 1.56 
209.2 2760 2 467. 2.60 i ey alacal 1.84 
A02)..1 2 Olle 82295 Dey 1745 eal? ES 
490.8 2°83 2 86 2.85 22025 2800 201 
503.3 Ae ays) oe A DRG By Ded 
619.0 DESO. Bee ee DG alee 1.76 
898.7 (i eMaise UeC ALOT Qo6 SOGor  =e.ee 
921.8 55 (soa c 5.83 Ooi Aes Se 10.55 
932.4 0.60 0.63 0.65 S500 3. 515 
939.2 Soop ae LG Bed DEO. ans 2 548 
948.8 Gee leG 0 6.46 ae NS” ae Yate) 5.68 
959.4 yo CS De eac7. 10,65 10.74 LONe 
971.0 Ou ee =A 04 op 14a ood eee 
1607.4 DEN = |) Seeneel 282 0.46 0.46 0.44 
S518. 61 .61 2.65 O,6 10460 0, e2 
3586.9 40 a0 2413 On sio On 0.688 


* = -l 
Range A = 50-4400 cm ae Range B = 1-4400 cm ; Range C = 
50-7200 cm71 


Values are for v= 93.3 em) Cesleultacved  pOsitiion. on local 
Values are for y=899.6 cm-! (calculated position of local 


Malies are Tor y= 3557.9 on. (calculated posivion of local 
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duced negative values of e'(v) over a wider frequency in- 


tervals from 1650-2650 Git (-0.17) and from 3400-3500 Saye 
and 3600-7200 em * (-0.24). Again, the maximum values are 
giveneine parentheses, » these ObServalions provided strong 


evidence; that “the range Cyoptical results were less relia— 
ble than those of range A. it us €xpected that these spur— 
1ous negative regions of € (v) are primarily caused by a 
too large reflectance value being extrapolated from ee 

Lo Lntinity. Others poss tpolresexplanations such as ditti— 
culty in measuring the low reflectance regions (Section 
4.2b), and anisotropy of the polycrystalline sample (Sec- 
tion 3.1b), have been discounted. It can be seen from 
Maple Ara that Gor ranges A and B, a constant. reflectance 
of 0.053 was used for frequencies greater than Vmax’ Whereas 
hor range C. a value Of 0,059 was used. This’ compares with 


the expected visible region reflectance of 0.052 (see Sec- 


ear Oil ule Os 


pace Hingle Crystal Ba(C10.,)5-Ho0 | 
This section presents the results of a Kramers-Kronig 
pnelysis Of polarized reflectance spectra from the COOl) 


Sevctal face vor wWacelo 2-0 (Ficures 3.24 and. 3,20). 


3)2 2 
The room-cemperature optical constants, n(v) and KG 
exleulated for the b-polarized data over the range 115— 


4200 cm + are illustrated in Figure 4.8. The correspond- 


io witTelectric Constant. Spectra, eo vand 2 (jh are 
shown in Figure 4.9. Tt should be noted that the n(v) and 


eG) spectra have been offset for clarity of presentation, 
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Paros. 6 . Opiical constants n and) k for (O01) dace of 
Ba(C103)9:H20 measured with the electric vector parallel to 
the b-axis at 298°K;: resolution = 2 cm-l. 
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Figure 4.9 Dielectric constants e« and e'" for (001) face 
of Ba(Cl103)9-H90 measured with the electric vector arated 
to the b-axis at 298°K; resolution = 2 cm-l. 


eset Ae offset by 0.32 units; scale oo. 
fieer B ~Olicet by 0.04 units; scale =o. 


216 


and that the weaker features have been scaled by factor of 
five in the insets. These spectra were derived from mea— 
surements at 4445 data points in the ranse 115-4400 ene. 
The high frequency data, from 4400-- ents were approxi- 
mated byea constant rertleectance of 0.049; this compares 

with ane expected visible reflectance of 0:050 along the 

b-crystal aie Cassuming "Zero absorption). In Table 

deos Chis anouty datas vo the KK-program is ‘summarized, and 
imeAppendixm D. the valuesmot « (6) and €'()) are compiled 
focechancses.in ec Gye oO1 Onc unius below 1200 on eine 0.04 
units above 1200 cem--. 


To illustrate the effectiveness of the reflectance 


method for Measurine the-optical properties of a strongly 
apsorbing compound such as Ba(C10.)5-H,9, the corresponding 


PeansmMmaptance was calculated via: 


eRe Cy) 


Le = 5 
1-[ACv)R(v)] 


where A(v) = 41nvk(v)b 


b = sample thickness (cm). 


Inebicure 42.107 Ahe calculated transmittance for ~single 


3)9°H59 polarized along |b in the COOl) plane, 


is shown for several sample thicknesses. it canvbe seen 


ernystal BaCClo 


Pave tor a Crystal 0.2 im thick, the manimum percent Urans— 

Mpession at) 960 om * ison ly oo. subrs accounts for tie tdi t— 
DOO ee: 

ficulty encountered by previous workers in tbe measure 


ment of the single crystal's transmission spectrum. 
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Since any distortions in the measured reflectance affect 
the derived optical constants, it was necessary to remove 
The Spurious eature at Foo one ime the.composcite:s —“<polar= 
gazed retlectance spectrum (Figure 3.24), before processing 
this data. This was accomplished by substituting a scaled 
spectrum of sample SC-BCL.H20-01 in the region 500-1100 em7? 
(see Section 3.la). The Kramers-—Kronigc calculations were 
then pertormed at each Gdatawspoint. inea, 4455 point array 
over the range 105-4400 em: A value of 0.044, correspon- 
ding to the measured reflectance at 4400 em was extra- 
polated from 4400 to » cm: this compares with an expected 
Vis tblewreslectance Of O27048 alongs the a-—crystal axe 
The resultant real and imaginary optical and dielectric con-— 
Stant spectra are presented in Figures 4.11 and 4.12. A 
detailed compilation of the e'(v) and e (v) values is given 
iMmmeeopendi=x be for ehanges in © (¥) of 0.2 units below 
1200 cm7+ and 0.04 units above 1200 em™?. 

berisea Significant result that no negative values of 
tie imMeginary dielectric Constant were calculated {for ‘e1— 
rier the 4 — Or b-polarized spectra. One of the most com— 
mon explanations for the negative values of e''(v) being 
generated by the KK-procedure, is the difficulty in accur- 
avely measuring small reflectance Tee see In Our study 


cur Wee Ce ike) Oo, the minimum reflectance observed for the 


3)9° He 
polycrystalline samples was 0.002, whereas the minimum in 
the b-polarized reflectance spectrum was only 0.0004. This 


Suggests that error in the measured reflectance is not re- 
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sponsible for the anomalous negative values of e'(v) being 
computed for the polycrystalline data. 


Mmiles precedinewoatentabvons. polars zed 1reimectance 


al 


data was only included to 4400 cm ~, although it was mea- 


sured -to 7200 ame [ics ssimplificabion was made since 
thesnear—1traLted srerlecpancesoL Ging le crystal Ba(Cl0.)o5 
*H50 Wacerelatively cOnetanteiGsee Curves A and 9B of Ficure 
So) LO. echsure: Ulaw, tis procedure was valid the Kkramers— 
Kronig calculation was repeated for the a'-polarized Cartels 
for frequencies tp to 1e5s00 Si, DM upper limit was 
ehosen since the Spectrum becomes quite noisy for higher 
Prequencies, (lhe excel vent overlap of this calibrated near— 
infrared spectrum with the averaged mid-infrared results 

was demonstrated in Figure 3.24; the merge point was sel- 
ected at 3800 ein Phase calculations were performed at 
every DOint anijuhe 4034 data point array, and a constant 
reilectance of 0.045 was extrapolated from 6500 foc 
iats value corresponds To Uhe measured retlectance ar 


1 


6500 Cm jand 2s Slightly closer to the expected visible 


reflectance of 0.048, than the value of 0.044 at 4400 em. 
limetable 4.6, the derived «© (v) and «© (¥) results are com- 
pared for several frequencies with the values obtained for 
the more limited integration range 105-4400 ene Tiacan 
Pemeecen that the discrepancies are very small, thereby 


justifying the use of the narrower integration range inthe 


Deecalculations. 


mar eettet da iat rey ond: ue 
| - ih 0b 
-648 Te a = ae 2 3 etn tald .. 
5 
ope oie aia hide daskt Pt eres ait my a 
ig i)4o%92 ngs ts wag eicwes (te7 terse hns 
feo a aaah, pelle pfitante |leockegles 
. i Dit Sa daha oi, Pid Hie Steece at. 
7 


ee ey eee ee es aia : 


Ae see 9 me Ee Oe Te cot nessa i 


a 


f mn afluperresre =. ae eFe Sonie ‘tf 
ra ‘ttf 6 2 Riweva * qeTiesae ent eotonaups’ 
Sk ; : 

7) @ 7 
cos aes toeargd tx oo arent 
enh 68°), erayi® ci beuptiases i: ; 

=: ] the )EF Rit eal ovat a Po jaak ~ 
- ‘- a 
net Wilocr etm pceb ent oi ‘wie 


i " ; > Me nis pit taba em ()0.0 to onda oie 
"% 
eo 4L ig “su ft Dpytd Wey word r9? tt) ouien ” 


- 


pidge iq Vee + slog ot ae eS 2) 9 098E tS « : pa a8 


; 
i 


7 ah 
é y : cy +1 . was 74e @ ; £0) .«) to: oe a 


y j i fe | i | co) 7 deeit~st: wt? ab > ¢ 


a. 


. iS 
; te fo ats Dewi ibe BA egy wit tat za 
7 . 7 i er 
roe f un (0) 0 Sty Gene geiai be 


# -s* 
diet sAZ a! lait ae : 
a 


Pt 


eat-e! ‘taba pe ep 
Cer ie os 


222 


Table 4.6 Integration Range-Dependence of Calculated Di- 
electric Constant Values for a -Polarized (001) 


Face of Ba(C10.)5-H,O 


5 tp) ec Cy) 


Prequency 
v(em-1) a* Be pelt A B he" 
104.1 5.18 5.18 CRGew | Rin Met) St, an 
127.2 Wise Siiae On LOA Pa, 0.00 
401.1 2.88 2.88 Ome oS owe 0.00 
plea 3.07 3,07 On Sa. © Bean 0.00 
Soars 1B OO) TE DE Os Saw sr <a Sees 
910.2 6.52 a6 40,09 22.37 22.41 +0.04 
916.0 27 oe To? -O»01.. 10445. 10.49  40).04 
934.3 28 se 0.00 0.54 0.54 0.00 
963.2 1.00 i) SESuclepe wah ee aces) eee 
Tara oy TS En es | Lah font BP xP) OE 
3582.1 DeomeenoeaT -oRol el Te 0.00 
3673.7 We 1G OP 00. MrOnozE =mOnol “O07 
areca Ose aoe 6° 4400em—) = 2.485 
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MeV hesinvroductory eechapter (Section 1)ld), 1 was 
shown that the optical property of fundamental significance 
Tee therstudy or solide ia oe | Figure 4,13 Pllustrates the 
eonductivity spectra, o(v)=ve (v)/2, derived for the inci-— 
DenimeleerricsVeclor parallel and perpendicular to the 
b-axis in the (COOL) crystal face of Ba(C10.,)5°H,9. Com- 
plete polarmizaulon Tesexhnibired by these conduction bande. 
This Lact 1S most "clearly demonstrated by the peak at 


1606 ene 


in the E |/b spectrum, which is completely absent 
in the Eu lcb spectrum, — thus, No Change an the polarization 
Characver Of the incident wave can have occurred on reflec— 
ibbOon,. 

The peak characteristics of the o(v) spectra are de- 
scribed “in Table 4.7, that is, the band, center frequency, 
the peak height, and the full width at half maximum (FWHM). 
Because some of the bands are overlapping, these parameters 


were roughly estimated by drawing a peak symmetrical about 


the band center, whose envelope matched that of the unen- 


cumbered Side of the peak. The positions of peak inflec— 
PlOnS Are indicated an Table 4.7 by a shoulder (sh) desig— 


iMELIC, ILOVA «, 


4.3 Combined Kramers-Kronig/Classical Dispersion Method 


fOr Cbvaining Optica lyConstanvs 

This section describes the technique for obtaining a 
set of dispersion parameters by a combined Kramers-—Kronig 
analysis and classical oscillator fit. The attractiveness 


of this procedure resides in its ability to determine the 
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Table 4.7 Peak Characteristics of Conductivity Spectra for (001) 


Crystal Face of Ba(C10,)5°H50 


E |b 
= Peak 7 
Band Center(cm — ) Height (xl103cem-1) FWHM(cm ~ ) 

aS) 0.304 WB 
133 OR er 6.5 
159 0.247 Wales 

230 0.305 1 

389 OF 025 8 
480 0.290 Bio B 

507 2.08 4 

6a 0.690 10 

CAT (Sav) , PSs! IGG 1 
959 9.00 183 

1606 eG 9 

3514 Phe OVC 19 

El» 

ITO(sh) P14 0.240 ahh 

NAS CSIs), LACS), LAO, USAC Shey) , SEK let) 109 8 
150 0.190 7 

eS Ol, ZO) 19 

210 0.240 20 

404 0.440 52 
487(sh),492,500(sh) 0.650 19 
616 1.74 7.5 

909 NO) 2 9.5 
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3584 2.14 34 
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parameters for overlapping bands. As previously discussed, 
the Lramers—Kronig method suiters from its sensitivity to 
truncation sei tecte, while the classical dispersion method 
Prequent ly does nobwyroduuce 4 Unique Solution because or 
high correlation between the dispersion terms. The error 
in the dispersion parameters iS minimized by requirine them 
to simultaneously satisfy the Kramers-Kronig derived re- 
sults and reproduce the observed reflectance. 

Good initial estimates of the dispersion parameters 
veemoDvaIned from thesconductivity Spectrum oC )le spy the 
procedure described an “Section l.ld, The number of oscil— 
lators N, the resonance frequencies v., the damping con- 
Salts Y> and thesoseiliator strengths Pa are approxima- 
ede rom: 

i pene number OL peaks an ov) > N 

ii) the frequencies of oa > Vv, 


max j 


171) the PWHM of o bands: = Ve 


i 2A) Ven wo She 


These parameters are then refined by a two-step process. 
Rirst~ they are adjusted by trial-and-error ‘so that the 
dispersion-calculated © (») spectrum matches the KK-derived 
e'(v) spectrum. Secondly. ohis ampreved=seuro! oOselllarvor 
Parameters as further refined to brang the dispersion— 
calculated R(v) spectrum into coincidence with the observed 
Bev) “spectrum. This method was adopted since the peaks in 
the e'(v) spectrum are better resolved than those in the 


R(v) spectrum and, therefore, the correlation between the 
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dvspersion terms is smaller. This should, in turn, reduce 
che mumber* of iterations required for an adequate fit. A 
schematic description of this combined Kramers-Kronig/clas- 
sical Vdispersion precedure sis ‘siven an Fieure 4,14, 

Unly thespolarized=sinele crystal results were sup— 
We€ted tO Unisstype Of analysis, “Taple 4.8 vests the dis— 
Dersiom parameters computed for the major peaks in the con— 
duevivivy spectra ot Wigurel4 13, The EH ilb and = it 
(a'b plane) spectra were modelled with twelve and eleven 
oserlilators, mespectively. and the values of EW Were tas— 
Signed to the Na-D liné value of «© along the appropriate 
axial direction.*° 

This initial set of parameters was then checked for 
TeSmtLeiby toureproquce the observed reflectance and) KK— 
derived amasinary—dielectric constant spectra. The results 
Gf this compartson are shown in Figures 4.19 and 4.16 for 
wield =oolarized data, wand in Bigures 4,07 and 4.18) for 
the b-polarized data. The theoretical curves can usually 
pesdvetingurshned by their smoother band protiles: but. where 
Mibieutove cri stow tune diatterent Spectrasare clearly adenv1— 
PLedwiierie dete, Lb can be Seen that the agreement ibe-— 
tween the dispersion-calculated and KK-derived e''(v) spec- 
trae exceedingly 200d, although theory generally under-— 
estimates the background level between the bands. In the 
resions where several strong bands overlap, there is ob- 
vious disagreement between the observed and calculated re- 


tlectance spectra; this illustraves the greater sensitivity 
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Figure 4.14 


Combined Kramers-Kronig/Classical dispersion 


procedure Tor lobvaininoess classical. oscilistor fivuso 


rerlection Gata. 


Obtamn INITIAL values of 
oscillator parameters from 
KK-derived o(v): 
7bands =<—-—-——— woscillators, N 


~<——__——_—_ ) of G 


Gi 


i vee 
J HVE. < 5) 


| Sa Na D-line value of oa 


¥ 


OSCILLATOR EQUATIONS 


+ 
Leave Eo, Vi» V5 FIXED 


ADJUST 85 to sive correct WILDTH 


TO.) sand MarGHT uo <2. (y) 
Y 


= a a ES a a a a ae a iS ae | 


Leave Eco: Vi> and new Sj FIXED 


to Ri (v) and WIDTH to S(O) 
¥ 

Adjust v5 to sheet Ry (v) and 

Ee, (v) into correct ALIGNMENT 
Mac PR Cw ecandes (vl) 
Y 


CYCLE through previous 3 Steps 
forsercn band. IN TURN. until 


further L[THRATIONS produce insig— 
nit teant Improvement 


= max 
jJ=1,N  <—~———— FWHM of band 


PLOT R(v) and e« (v) calculated for this 
S€t.On OScil latons = via. DAMPED HARMONIC 


DESIGNATE these spectralas Re(v) and 
e, (0) - Since they are based on theory 


COMPARE with 


ad R 
ADJUST y; to give correct HEIGHT ——— eRSG yc eane 


e iy especrra 


oe 


228 


le 


* ie da ve ye is . i fkeno- 


_ 


it idee ag 89D, | 


=~ = & 


a ‘ cn. a wo" 


+] 
se jafan 


Table 4.8 Initial Set of Classical Oscillator Parameters 


for Polarized Single Crystal Ba(C10. )5+H50 Data 


E ||b 
».(em >) ea 0¢en-2) a 
; ve aCCiim es) 

ole Mas ee oe ee ae a a wee 
1 119 0.456 7.5 
9 133 0.179 65 
3 159 0.568 ie 
4 230 16 18 

5 389 0.040 8 

6 480 0.377 6.5 
7 507 1.66 4 

8 611 1.38 10 

9 933 3.65 11 
10 959 93.4 13 
ie 1606 2.16 9 
12 3514 ite 19 

pee G 
Bea 

1 114 0.528 la 

9 130 1.74 8 

3 150 0.266 7 

4 173 0.456 19 

5 210 0.960 20 

6 404 4.58 52 

7 492 2.47 19 
8 616 5 61 a 
9 909 19.4 8 
10 963 6.73 G 
1 3584 eae 34 
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Figure 4.15 Comparison of observed a'-polarized reflec— 
Pane rom COOL) tace OL Ba(C103)9-H50 and theoretical 
reflectance, based on initial set of dispersion parameters 


Girom Table .4..8.).. 


Observed spectra are distinguished by small arrowheads. 
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Figure 4.16 Comparison of KK-derived e"(v) spectrum for 
a -polarized See Tan from, COO), face of BacClos)o.H90 
and =theoretbical «= (v) Spectrum, based on anitial sev of 
dispersion ey reese Gfrom Tabler.S)2 


KK-derived spectra are distinguished by small arrowheads. 
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Picure 4.17 —.Comparicon of observed b-=polarized refilec— 
tence trom (001) face of Ba(Cl103)9+-H90 and theoretical 
reflectance, based on initial set of dispersion parameters 


firom Table 4.8). 


Theoretical spectra are distinguished by small arrowheads. 
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Figure 4.18 Comparison of KK-derived e (v) spectrum for 
b-polarized reflectance from (001) face of Ba(C103)9-H90 
and theoretical e (v) spectrum, based on initial set of 


atopersion parameters (from Table 4.6). 


KK-derived spectra are distinguished by small arrowheads. 
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Om the rertectance speéciura tO errors in the dispersion para— 
meters and/or dispersion model. The exact coincidence of 
the observed and calculated high frequency reflectance for 
the b-poltarized data verities our choice of 6.2) However, 
Lory Uitte a’ -polarized data, the high frequency reflectance 
is Slilieghvly Overestimaveo, Ssugeesting that a smaller vaiue 
of ye be used an the fitting procedure. 

Next began the tack of refining the dispersion para 
meters. This trial-and-adjustment method is succinctly de- 
scribed in Figure 4,14, and employed the following observa— 
Ce2ons as culrdelanes: 

i) the number of oscillators required for an ade- 

quate fit and their approximate frequencies 
were estimated from the positions of Signifi— 
cant peaks, dips, and shoulders in the KK-de- 
Faved rcOnductIivity spectra’ (see Table 477). 

ti) “the widtheort the = () peak “and the height of 
the R(v) peak were primarily affected by the 
damping constant, V5: 

cu eines hedohieot Lhe we iv) peak and the wadti or 
the R(v) peak were most sensitive to the value 
Of theroscillavor ‘streneth. 

A Minimum number of oscillators were used tO Satisi y 
ourdeline i). “However, in order to simulate the low fre-— 
quency reflectance behavior, it was necessary to assign an 
Ssciliator to a frequency below the measured region, “This 
Wee tie sole function of this additional oscillator and no 
physical Significance was ascribed to its dispersion para-— 
Meters. 


In each adjustment cycle, only one parameter was var-— 


ied. The effect of each change was monitored by comparison 
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with either the KK-derived e'(v) spectrum (in the first ap- 
proximation) or the observed reflectance (in the second 
approximation), and the process was terminated when further 
iterations produced snsicniticant improvement in the fitted 
resu Lu. Ii ater extaustive study, 1t was found not pos— 
sible to simultaneously satisfy the Kramers-Kronig e (vy) 
Spectra and reproduce the observed reflectance, only the 
POrmeredata Were USeUpin the Littine procedure. Threochorce 
is based On Our earlier a@bservation that the shape and po — 
sition of the e« (v) peaks were almost insensitive to chan- 
ges in the oscillator parameters of remote bands, whereas 
the R(v) peaks changed dramatically. It is therefore ex- 
pected that neglect of the contribution from the weak back- 
eround continuum will more seriously affect the reflection 
Spectra and prevent the achievement Of a sood fat. Thus, 
the e'(v) spectra are Considered to be a more reliable fit— 
Pine VoOMsS bre int. 

tie finai theoretical fits for the reilectance and 


S (y) specrra Of BaCClo -H,O are compared with the cor- 


3)2 
Gespondine experimental results in Figures 4.19 (b-polar=— 
ized) send 4420 (a —polarized)- the theoretical curves being 
distinguished by small arrowheads. The measured b-polar— 
ized data was modelled quite well with 14 oscillators and 
pemion ireduency dtelectric constant «Of 2349,, which 
corresponds with the sodium D-line value. The a —polarized 


data was successfully modelled with 17 oscillators and an 
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Higure 4.19 “Comparison of experimental’ b-polarized xre— 
Giectance tron (QO) crysual face of BaCClO.)o-i5O and 
KK-derived ¢«''(v) spectrum with corresponding theoretical 
spectra from combined Kramers-Kronig/classical dispersion 
i aby oa 


Arrows indicate the theoretical curves. 
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Breune 47 h9obps continuation of Figure ao 
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Figure 4.20 Comparison of experimental a'-polarized re- 
hlectance- rom (00l) crystalgiiace of BaCClOs)5-HoO and 
KK-derived e'(v) spectrum with corresponding theoretical 
spectra from combined Kramers-Kronig/classical dispersion 


St Oe 


Arrows indicate the theoretical curves. 
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Continuation of Figure 4720. 


than the expected sodium D-line value along the a’'-axis, 
and sugsests Ghat the measured reflectance for this polar— 
iZzatTOnyMveht pe sihiently low. “A compilation of Luese os— 
Cillator parameters and phear ‘estimated accuracies is fiven 
melanles 4.9 (b-polariged)p and 47° 10-Ca’=polarized). ~The 
error allowances indicave vo what extent & particular para— 
meter could be adjusted before causing a measurable deter- 
LOLaLLOUu in (het iitred- results Strone. relatively narrow 
bands (FWHM < 8 cm~*) are estimated to have peak frequen- 
Clee, 2ceuralen tO 4000 Si. FOr MOSU Other bands, ~except 
those with very large damping terms, the estimated fre- 
quency accuracy 1S reduced to +1 Ga The wide variation 
invene 6rrors, associated with the oscillator streneuns and 
damping values indicates the difficulty in accurately de- 
termining the parameters of weak features, particularly 
when they occur in the vicinity of a strong peak. However, 
for the majority of the fitted peaks, the estimated uncer- 
tagnt+res: an oe and 7 aretece= than Oyo. 

Except. for the C10, fom SlLretchine=restom Css00= 
1100 ems s and to a lesser extent, the regions of strong 
Winer AbSsOrpitony 1b was possible TO Simultaneously Obtain 
a good fit to the measured reflectance and the KK-derived 
| Lieceec ra, se lhisoresult 1S) significant Since only a 
few complicated reflectance spectra have been successfully 
93 , 94,172 


modelled with a set of damped harmonic oscillators 


and, to our knowledge, Ba(C10.,)5:H50 represents the most 


’ 


complicated example to date. 
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Pah eee) we ranole petmrOomeclacscica | .OSseL lil ateorabaramevers 


for 6 —<Polarized Single Crystal Ba(C10.)+-H,O 


Data 
E|b 

j v Com” ) Secs 0 aa) y, (om =) 
i Oo Eee COs 0432 50% Sees aa) 
2 109 221 COIS 4) 10% Hl AON Tee) 
o Acer O a COMUS OE 107, Sie ae O ) 
4 Lo 0 GORA 15) 20% ere ih as Ole 
3 PS ee CO. 604 )-+ 10% OO a 
6 3 Sac) (02,667) 220% As (at sOeco 
fi Lon e240 (0.143) + 20% De Oued 
8 Soa CO02263) 2 207 1D Ont NORO. 
3, Ze Oia C0558 7) oo 1 ORO OMS 
10 404 +2 (3200) Veter Sy 43.0 #1050 
dy AST to C0209) ala. O50 4.1 

ie 493 +1 (lb-33 1s) cae P2252 OFS 
i SO2 ce oi (0.380) + 20% ere ONes o8k) 
14 61674 JL (23:38)02 57% da 2etlOMes 
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1G OU? a0 (12.9) +4% Th oo Oe 
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Ine eect. that. toe C10,7 2O0n and water molecule stret— 


Cuame moves do not coutorm well (6 a description based on 
damped harmonic oscillators can best be explained by the 
tendency of these modesto undergo anharmonic coupling. 
Evidence Or this perturbation is Seen in the fairly laree 
C=C labor Sturenst is sancwdamoine constants associated: wath 
these nose ee! (modes 20-15, im Table 4.9 and modes 15-18 “in 
Table 4.10). To appreciate the magnitude of these quanti- 
les si Lois ioctl TONcompate then with the corresponding 


Velie s miimanmreLavedmerverall es Such ta dispersion analycics 


has been conducted on NaClo., CLS Ua soy Anderman and Dows.~° 


For the C10, ion stretching modes, they obtained damping 
ik 


constants ranging from 5-G ecm and a maximum oscillator 


Serene uh of 6,4 om” Glory this compares with) our 


3p? 


values of 6-13 em + tor the damping constant and) a maximum 


escmillator Sl rene pn vot 8221.0 em > (mode 13. in Table 4.79). 


S 


Someraddivional relaxation process. The presence of hydro— 


Obviously the CLO On Ss) ld Ba(C10, )5°H5O are undergoing 


3)9°H_0 strongly susgests: that the 


AOOreciaplemwiot horebhese es ())) bands as9due Ve anharmonic 


gen bonding in Ba(ClO 


Coup mine sO etuhnenClOs Selon stretching modes sto the water 


= 


Molecwlue Vipratvonal states, particularly wvertone Staves 


Of the rotational vabrations. A Similar explanation was 


oo , 
Diu Lorwand by Wilkinson ev Lee tomaccount for Ther in— 


creased breadth of the One ion modes in CaSO, - 2H,0 com- 


pared with CaSO, - 
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However, strones anharmonic couplings can also occur be— 


3 


Stretching modes sin¢e they “are close in frequency, of con-— 


tween the symmetric (v4) and antisymmetric (v5) ere, ion 
siderable Strength. and their reducible representations con— 
tain unit-cell-group symmetry species of the same type 
CChapeer Vil). Thus. pte C10, LON Strecechane ner ion may be 
coMplicarcoaby the presence Of Imnterionic coup) ieeand. 1n— 
Leract Tony with Water Vibrational modes,  Thesexact mature 
Gi CLS GLSLortion Cannot be easily predicted: 

ENG Grtects OL mechanical anharmonicity have: been 
treated by several different quantum-mechanical modele, ” 
Although these various theories have fundamental differen- 


Ges, they have certain common features. The main conse— 


PueHhcCes Of Cubic Or Higher order terms in the crystal"s po- 
tential energy are: that the damping is not a constant par- 
ameter, but is frequency and temperature dependent; and 
mide etic eesonanCe 1requency 1S not precisely the harmonac 
value, but is frequency-shifted by an amount which is tem- 
perature dependent. The unusual success of the classical 
hoccters related, tO the Tact that These deviataons sare 
Heialiv-very small compared with the resonance Irequency, 
ena that tole model eives almost. 1dentical results (co 


Vv 


aed 


the various quantum mechanical theories at eee The 

damped harmonic oscillator model then is strictly valid at 
the center of the dispersion region. Since the 2 (Vv) bands 
exhibit a much narrower region of dispersion than the cor- 


responding R(v) bands, the oscillator parameters derived 
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from a classical dispersion fit to the e'(v) spectra should 
be more reliable, thus substantiating our earlier empirical 
conclusion. Any effects of anharmonic coupling should be 
mOSt apparent in’ the wings of the bands. “Comparison of 
our fitted and KK-derived e''(v) spectra shows that this is 
indeed the region of greatest deviation. 

Inwerecer tO salistacvoruly reproduce the peaks, «dips, 
and “shoulders an ’phe experimental Spectra’ (see Table 447). 
i Was Wecessary UO Use several more osetllators an che 
fittings procedure. ~ However, only those features believed 
HOn be due to 1undamenval transitions were imeluded. SAle 
though it might be possible to simulate the numerous weak 
features due to overtone and combination modes by the su- 
PerpOsition Of many more™~oscillators, these additional dis— 
persion parameters would have no physical significance. 
Recall from Section I.ild that the damped harmonic oscilla— 
tor model for dispersion in crystals was based on the sel— 
Section mile for inirared activity being k= 0, Rat Ss. eu hie 
wave vector of vibration being equal to zero. However, 
this approximation of the general kR=K selection rule, 
wnere Kis equal tO the wave vector of radiation=in’ the 
eryvetal ts sonly valid for tundamental transitions. in the 
GaAee OL Overtone and combination modes, the selection rule 
Bea K Much be tisced, the contribution vc e (ys )edrom these 
modes therefore requires a summation over all values of k 

£90 


Pieces tarse: Brillouin Zone. Since the complete dis- 


persion curve for Ba (C10. )5°H 59 1S Unknown. a CVassied 
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dispersion analysis is restricted to the fundamental modes. 

For the b-polarized data, weak oscillators were intro- 
duced at 925 em + and 940 cm to respectively simulate the 
low frequency shoulder and the dip between the two resonan- 
ees 2f 959, and. 933 em? (see Figure 4.19a). The observa- 
tion that a sharp weak resonance occurring to low frequency 
Sigs strong Retlectrony band ws Situated at @ frequency of 
ppeilecuance Minamume was tirst made in’ 1961) by Spitzer 
and Kleinman?* ducinice Lie eredetad bed dispersion sanalivcis 
GQibtiie cetlectionmspectira of quartz: 

For=the a -polarized data, it was necessary to intro-— 
CuCcoueeverals new Oscillators 1or an adequate fit.° The 


suoulders son the broad 493 emt peak were correctly de- 


scribed by two weak resonances at 487 and 502 oe The 
Seesenuial) features, of the band Centered at ~1130 cm) “an 
the conduction. spectrum (see Table 4.7) were fairly well 
reproduced with three closely spaced oscillators, although 
Hmeve definite features were noted in this region. Further 
Soom ivors meee anmprove this; fit. bub Whe closenessvon 


: Bes -] 
mie Dona tO, the slow tm requency interravionm Jamate, 105 cm iy. 


precludes such a refinement. An PREG Heavier me 2 Oceanae 
reproduced Quite well the shoulder on the 114 em) peak in 
Pie KK-derived <_'(y) spectrum. Its inability to match the 
Opserved reflectance can also be attributed to its proxim- 
ity to the low frequency limit of the measured data. The 


-1 
broad strong reflection band at 920 cm was only well 


—] : 
described when two oscillators at 912 and 909 cm Re s@ah sed aye 
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approximate IMmbensity Paulono: Wo swere Assigned to this, tea— 
ture hesnecessity Ole two Oscillators) was indicated py 
the flat top of the corresponding KK-derived e''(v) band; 
a sing heii sOleved  Osemaialtorm exhibits 4 definite peak as 


i e (>) band. 


can be seen from the 963 cm 
In conclusion, the dispersion parameters obtained from 
a combined Kramers-Kronig/classical dispersion analysis were 
significantly improved over those derived from the peak 
Characteristics Of 1 he conductivity spectra, thus jJustiiy— 
ing, this»more lengthy procedure. Secondly, the success of 
the elassical damped harmonic oscillator model in describ-— 
MiewnOsteOl Une rel VectlOneteatUures OF Ba(C10.,)5:H,0 shows 
Higta pATSsmMOdeletsrapprox<imately correct. ihe nature and 
extent of the observed deviations indicate that the limited 
Tanee Of jrerlection data incurs little error in the derived 
Optical parameters and that the major source of deviation 


from the predictions of the damped harmonic oscillator 


model is anharmonic coupling. 
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CHAPTER V. 
ERROR ANALYSIS 


This chapter presents a compilation of the principal 
errors encountered in the determination of the infrared 
Opt Teal constants 1of Ba(C10.)5-H,O by reflectance spectro- 
Seopy,, 2c near-normal incidence, followed by 2 Kramers=— 
Kronig analysis. The errors are classified as experimental 
or computational, with the experimental errors being fur- 
Phere woistineulshed as random or systematic. Where! pos— 
sable, the magnitude of the various errors is estimated 
G@section ofl). “The sensitivity of the KK=method to errors 
in the measured reflectance is also studied (Section 5.2). 
Since many of these errors have been previously discussed, 


only a brief summary is given here. 


o.1 Experimental Errors 
Experimental sources of error may be of random or 

systematic type. Systematic errors may be of any magnitude 
but tend to be approximately invariant when an experiment 
is repeated, whereas random errors fluctuate in sign and 
magnitude. im the 20tlowine error analysis, ule terrors are 
identified as to type, approximate magnitude, and appropri- 
eLe corrective action (if any). The Majority of these er— 
rors are common to any infrared reflectance STudy. sbU uaa 


few are peculiar to our apparatus and samples. 
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o.la Effect of Non-Normal Incidence 


The dependence of reflectance of plane-polarized jbuWes ogo 
upon angle of incidence was illustrated in Pigure 1.2 wath 
tTheoreticalyreilectance curves for n= 3 and k=. It was 
observed that for ¢=10°, to a very good approximation, 

MOS Hie eas A Simnvlar result "was Obtained for mid—inrrared 


Reivecorancerspectrasol sOlycrystalline Bacco -H,O re- 


3) 2 2 
corded under THCs—) sand™IMGp—) polarization, at 9.5 “inet 
dence. In the high frequency region, where the background 
DMerlec tance was *O70o5) the R. curve was =-0.004 units hisher 
than the Ry CURVE] Strom a model calculation, assuming =O 
and equal amounts of s- and p-polarized radiation (Table 
S22), this ditrerence was Consistent with the 9.5. angle 
eileineadence,, (Also, Une average Value Of Rosand Ry was 
equal to the unpolarized normal incidence reflectance Ro. 
TO Obtain” 2 sbpetter eee of the error associated 
With Operating at 9.5 incidence, the various quantities, 


Hair oat and R, where R=1/2(Rs+Rp), were calculated 


p? 


Or quartz ?° and neon from their known optical con- 


Btants. The relevant equations are [1.26] to [1.40]. 
Three different situations were considered: i) intermediate 


Reoowio at) eS lOweR lOw kh, nde 11 1s) ein bermedda tc. hye ksi. 


In all cases, the difference between R and Ro, for 10° 
incidence, was less than 0.0001 reflectance units. Since 
this systematic error is considerably smaller than the pre- 


cision of the reflectance measurements (see Section 5.1 j), 


it was ignored. 
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DELO Appa raLuSs Polarizavion 

Apparatus polarization refers to the discrimination of 
anvinstrument to a particular component of radiation. Thies 
Crrecy Can give wise Lo both a systematic and random error. 
A systematic error occurs when the reflectance spectra are 
MecOnde@ TOR unpOlarimeda conditions, at non-normal 2ne1 
Hence. mnder the assumption Of equal Contributions from s— 
and p-polarized radiation. The measurement and correction 
fOr Tals sysetematrier error were discussed in»detail in Sec= 
tLOnw so. 20, es Landemeenrorearises: trom an anecreased noice 
level, when the inefficient polarization is used. The de-— 
erec Of apparatus polarization for the Nicolet’ /199 FTIR 
Histrument 1s shown in Figure 3.13 for the KBr beamsplitter 
ends Pioure Oo.) Lon the CaF, and 3 um mylar beamsplitters. 
It can be seen that the preference for s-polarized light is 
quite pronounced in the near- and far-infrared regions. In 
the mid-infrared, the relative amounts of s- and p-polarized 
mien are approximarely equal, Thus, to optimize the S/N 
Lalo, .bhe polarization experiments in all frequency re— 


gions were performed under TE(s-) polarization. 


ete. Polarizer Hificrency 

Polarized infrared radiation was produced by a series 
of wire grid polarizers with different substrates: BaF, 
(near-infrared), AgBr (mid-infrared), and polyethylene 
(far-infrared). The efficiency of a polarizer is given by 
its average transmittance for two orthogonal polarizations, 


pid=its degree Of polarization, t.@. the purity of the po- 
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O 
dg) 
> CaF, /Si (BaF, polarizer) 
oO 
nO S 
(ep eee 
= 
ep) 
E 
oO 
mas SC 
~ 
BS 
7 5/08 5200 
WAVENUMBERS 
& 
(0 
= 3pm Mylar (Polyethylene polarizer) 
es) 
HO S 
. 
= 
op) 
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w 
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700 600 500 400 SoG 200 100 


WAVENUMBERS 


Pieure’ o.d) Degree of apparatus polarization for the 
Nicolet 7199 FTIR instrument with the CaF, and 3 ummylar 
beamsplitters. 
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larized radiation. Poor transmission characteristics of 
the polarizer can increase the random error of noise while 
incomplete polarization can introduce a systematic error. 
Thegmid—inivrared polarizer displayed an average trans-— 
mittance of ~17-22% in the region 800-4400 cm7+ (Figure 
s.13), dts degree of polarization was measured to be at 
least 98% based on the relative intensities of the features 


at 1604 Sines 


im the a = and) b-polarized reflectance spectra 
Or the COOL) verysteale tace of Ba(C10.,)5°H,0 (Figures 3.24 
Glare 2 Ol) 

The average transmittance of the far-infrared polari-— 
Zer was ~24% in the region 100-500 om 2. te degree of 
DOLaArizZatson was more, diii1cult Lo Estamate but was as 
east. Jo.) Comparaison Of Figures 3.24 and 8,25 "shows that 
the b-polarized peak at 123 on corresponds with the posi- 
fron Of a retlectance minimum in the a —polarized spectrum: 

For the near-infrared polarizer, the average trans-— 
mittance was ~26-32% in the range 1800-7200 cmt, From in- 
tensity measurements of the 1604 cmt peak, the degree of 
polarization exceeded 98%. 

In summary, polarizer efficiency may contribute a max- 
imum svetematic error ©f »2,.01 the measured reflectance 


Value. ©Since the extent oO: this error 1S not accurately 


known, no corrective action was taken. 


Selden OOmeece and mlecuronic Mrrors 
Tie vrincupal optical and electronic errors intluen— 


cing the accuracy of our reflection results are instrument 
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ID Ssuabilety, sineorrect fsiena | dnp Pification pedevectorslan— 
cCarbiyy and incorrect phase correction. 

Instrument instability manifests iteelf as dritt and 
notse@ linctrument “dritu can produce a systematic error it 
the background and Sample Spectra are always collected in 
tie same order. “Thissprobtem was found to be most severe 
imet her nearm-inirared recon. if the instrument wwas not 
PoloweGetorsiuiirclentlysequdad brave after tunings, §a .sient— 
Peale cucrioratieon ins the Nigh energy pertormance oc-— 
curred swith wines Therefore, the constancy “of “the enerey 
TRiROuUsnDuUI was: Cavetully ichecked prior to snd during data 
collection, by) mecOrdime several wbackeround spectra. 

This modified procedure was not adopted in the mid- 
and far-infrared regions, where instrument drift was less 
prominent. 

Piet rumen tanGmce contributes a random error and was 
gauged from several 100% lines run prior to each experi- 
Memuemnecol it habeas (007) laine 2s theyratio of two isic= 
cessive single-beam energy spectra, run under identical 
Condumions swiuh no wsemple oy Our 1002 Wines were recorded 
under the same experimental conditions as the background 
reflectance spectra for Ba(C10.,)5°H59, tee WU! Ue eOu. Gd 
mirror in the Harrick reflectance accessory at 9.5° inci- 
denvceanduewitiy and withous the polarazer in the beam: 

A problem! peculiar to the far-intrared investigation 


Omephne mcolet17109 instrument was) The appearance ‘of 


“elotches’” on the spectra, whose frequencies were reprodu- 
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Cibteslor a2 civen movine mirror velocity, “This is)iiiu— 
straved in Figure 5.2. The two curves are 100% lines ob-— 
tained for the 3 um mylar beamsplitter and the TGS detector 
with polyethylene window, at 8 cm LEsSOLUrloOn we he won ly, 
difference is that the room lights were on for Curve A and 
OD tom Cunves he lb ean sbesseen that ithe @latchess au 3300 
and ~660 em? Jk eiOlpresent in Curve =Bee COnsecqucnt. vy. 
all far-infrared spectra were collected with the fluore- 
SCen Gs cOOmm ott Ss = Oud, 

Typical 100, limes ebtained for the various spectral 
resions on) the Nicolet 7199 are shown an Pigure 5,3.) These 
spectra were all recorded at 2 om? resolutuonw. The vara — 
able operating parameters of gain, number of scans (NSS), 
and polarization, are indicated; constant parameters are 
deser imped an sections 2.7) and 2). 7c. 

Two 100% lines are Pe eened for the KBr on Ge beam- 
SOMlove> with Une I10uLd nevrogen ‘cooled HevCd Te detector. 
The upper curve, recorded with no polarizer in the beam, 
exiaptiieee sional —vo-nodse ratio 16S/N).0n yl 200"1 er ames 
surement time of 6.1 minutes (300 scans). When a polarizer 
Toeplaceds inmthesinserument, sand set LO transmit TECs—) 
pelarnazed radiauion (lower curve), the S/N ratio is re— 
deed to 2600 below 2800 em + and to -350 above 2800cm , 
for an increased measurement time of 15.3 minutes (750 
scans). The S/N ratio improves as the square root of the 


measurement time; all other operating parameters being the 


same. 
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Pasure 522° Comparison of 00% Lines obtained with and 


VEChoOUlLN nem roon Lights On som emivlar _beamsplivuer and 
DTGS/polyethylene detector. 


258 


KBr/Ge z 
Gr Unpolarized SCANS 300 
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SCANS=750 


TE- Polarized GAIN=-4 
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PieuGewp.s — Ivpicel M00, Iines obtained for the various 
spectral regions on the Nicolet instrument for 2, em—! 
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The 100% lines for the far-infrared region were re- 
corded=withwithe TGssdevectorn, using. TE-polarized) Jaen. 
Phesevspectra are directly comparable since a gain setting 
of 4 and a measurement time of 30 minutes (500 scans) were 
uscd Anealia cases, | lt should. be. noted that the. reilectance 
Scale) Tomethe tar-initrared spectra is 5% BR per division 
Wotlestbateot st he mid-intrared spectra is) only loom per 
division. The 3um mylar beamsplitter displays a S/N of 
-250)in the rezion 200-650 ee hale performance is re- 
peated by the 6.25 wm mylar beamsplitter in the region of 
Lishrrcsteinterierence prange, .or lwindow!> <trom <Lo0= 
420 conte In its second "window" region of ~550-670 Gee 
its. S/N is ancreased to -~900, The 12.650 um mylar beam— 
splitterrexhibitsea S/Nvot only. -~LOO an, the region: 100—- 
260 em), Ihisw che random-error, due tos instrument noise 
‘appears to be less than +1.0% except in the very far- 
infrared region. However, many of the Ba(C10.,)5°H5O sam- 
ple spectra were recorded several hours after the associa- 
tedubackzround- spectra, so the error due,to instrument sta— 
bility may be underestimated by these 100% lines. 

Another possible source of instrument error occurs 
Gduraneephesamplitication andyrenormalization os theyain— 
frared signal. ii thesdetecvor voltyuges sarc ineorrectly 
programmed, this introduces a systematic error in the mea- 
sured reflectance, whose magnitude is dependent upon the 


particular gain setting. Although this amplification error 
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is frequently neglected, it is an important consideration 
in the accurate determination of the reference mirror's 
reflectance. 

To assess this error, reflectance measurements were 
perrormed son a slass slide for various cain settings, keep- 
ing all other Operating parameters constant. Glass was 
sclecved because it “1s Optically stable andja relatively 
weak rerlector so 4 range Of gain Settings are permissible 
penOore Saturation occurs, It was assumed that the spectrum 
Obtained with a gain setting of 1 for bothsthe Sample and 
background collections gave the correct absolute reflec- 
tance. The measured reflectances for different sample gain 
settings were then compared with the accepted values at 
several frequencies, and the average deviation was calcu- 
lated. These results are presented in Table 5.1. In order 
io determine the ampliitication error for gain settings 
eoreatersthan 16,31t was mecessary to reduce the anirared 
icone tty = ye puAcine wampolarizer an Che beam, A TE-polar= 
ied retlectance spectrum Of glass, recorded with a gain 
SeuLI noe mOtl “wassucsed to computesthe error inethe higher 
gain settings. These results were then normalized to a 
eainesettine of | by including the previously determined 
error inethe GAIN=4 setting. The walidity of this proce— 
dure is demonstrated by the fact that the errors calculated 
for a gain of 16, via the direct and indirect methods, are 
in very good agreement (within 0.1%). The greatest ampli- 


fication error of ~1.3% was observed for a gain of 2. For 
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Table 2.) )Determinationeot Electronic Amplitication Errors 


form Nicolet, 71.99 FTIR Instrument 


Frequency Measured % Boo. 
(em-1) Gain=1 Gain=2 Gain=4 Gain=8 Gain=16 


Aves error), Gadn =e) O13 OS 9 0929 Oe) 


* 
Unpolarized reflectance spectra of a glass microscope 
slide. All operating parameters identical except for 
Gain setting of sample spectra. 


Frequency Measured % R(v)tT 
Com-L) Garne=a2 Gain=— 16 Gain= oo 
4400 (ex) Ca ae) 4, 
3800 (Pe THO) tie (RG (RRS 
3200 5) ae) oO Dailies 
2600 Syren 52s 9.34 
2000 SoU Shon) o.O4 
1060 Slee! Sala 24518) 
470 29.8 Zone: 26.0 
Av. %Error/Gain = 4 TOOR3 POS 
Est. % Error/Gain = 99.2 TO On2 


a 


'?R-polarized reflectance spectra of a glass microscope 
Slides 
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SA IUeceuvines Ol SO and 32, the errors were Jess than 0.2%. 
Againgwtiese errors swere mich Tess than the precision of 
the reflectance measurements and were neglected. However, 
carerul sekection or the gain settings helped to minimize 
Tirsesystematt ce *error. 

Nonlinearity in the response of the detector or pre- 
AiO BLer-CONtCriBULes=another source’ of Systematic error, 
This effect is observed in single-beam energy spectra as 
non-zero venerey an Lesions where the intensity is known to 
pe Zero... Por example, “a KBr beamsplitter absorbs all ra— 
diation below 350 cm -. However, on the Nicolet 7199 in- 
SErUumMent), with the KBr “beamsplitter and the liquid naitro=— 
een cooled, type By He cd Te detector, Stray radiation was 
measured below 350 enue, The maximum intensity of the fea- 
Domes Een Sten 2 ee Only 08% of the peak amplivude 


aGels00 om} suggesting that the error contributed by de- 


tector non-linearity is somewhat less than 0.5% of the mea- 
sured reflectance value. 

The antiluvences of devector nonlinearity, ‘combined, with 
phase correction errors, are also found in transmission 
Spectrowor sironely abserbing materials as negative peaks, 
in regions where the samples are 100% absorbing. These 
eliects were investivated on the Nicolet 7/199 tor samples 
CpepOeand LOO "im thick Mylan, im the mid-infrared region. 
From a total of 14 measurements at peak frequencies of 
il 


ii petits 265 4 Sand 25 cms the deviation from 


0.00% transmittance was calculated to be 0.11 +0.01%T, with 
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95% confidence. 

Recently, it has’ been shown that the accuracy of the 
Meria Mennod ot phase correction, which is used by the 
Nicolet, as limited by the asymmetry of the intertero— 
eranieece IMG hbescacewOneaspericculy symmctricalmintverterce— 
Sram we ive (WroOcedurcewiswexact land gives: the best approxima— 
tion TOMar spectrum that “can be achieved by FPIIR spect ro— 
SCODpy. 

In our reflectance study, the interferograms of the 
Ba(C10,)5:H,9 samples were remarkably symmetrical in the 
mid- and far-infrared regions where the predominant absorp- 
tion occurred. However, in the near-infrared, where sample 
absorption was broad and weak, the interferograms were con- 
siderably less symmetrical. The interferograms for the re- 
Perence,mirrores Over all regions, were quite asymmetric. 
The residual error in the phase correction due to this 
Asymmetry was. partially compensated for by the calibration 
of the reference mirror against the silicon standard. From 
Micwavetlaple data, at 1s estimated that. the combined er— 
feetsuou devecct Or mon binerarity and, phase «correction error 


Weeldye Lrachional. error oF <1% in the reported reflectance 


values. 


5.le Reference Mirror Reflectance 

The accurate measurement of sample reflectance requi- 
res that the retlectance of the reference mirror be known 
for all frequencies in the range of interest. Aveo dint rior 


was used in this study because of its very high reflectance 
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Over the entire infrared region. However, gold is a soft 
Material and its reilecting properties were found tbo grad- 
ually deteriorate with time... It was, therefore, calibrated 
against a silicon standard prior to several experiments, to 
determine the necessary correction. This procedure is de- 
Sera beds ine deta tien Section 3, 2b 

Pypical (calubrationscurvyes for the mid and nearn—in— 
Pranederecaons are shown in) Fagurnes 3.15 and 3.16, respec— 
tively. Comparison of calibrated and averaged reflectance 
results 1.0L Ba(C10.3)5°H50 in the mid- and far-infrared re- 
S10ns indicated that. the calibration error was small and 
random; for percent reflectance values exceeding 5%, the 
maximum fractional error was 0.010 in the mid-infrared 
(fable 374) and 070380 ian the fdar-—initrared, This compares 
with an experimental reproducibility of ~3% and 7%, respec- 
tively in these regions (see Séction o.1]).. Thus, the 
averaged far— and mid-infrared reflectance spectra were 
taken as the cotrecu. results, within experimental, uncer— 
aL ICD Was 

Calibration was more important in the néar—intrared 
Fersiones Figure 3.17 alilustrates the overlap of the aver— 
aeed),) 2 =polarized mid—-intrared retlectance of “single crys— 


bal BaCCLo *H,9 with the corresponding near-infrared 


3)9 
spectrum, before, and aivéer calibration. It was observed 


that, in the frequency range of expected spectral overlap 


(~1200-4800 ae the measured near-infrared reflectance 


was too high by ~5% of the mid-infrared value; after cali- 
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bration, ‘this deviation was reduced to less than 1% of the 
value. 

To summarize, in the mid- and far-infrared regions, 
the icorrection due Lo calibration was much iless than the 
precision Of the measurement, (and was-ienored. 9 In the near— 
infrared, where the calibration correction was of the order 
of 5% of the reflectance value, the necessary correction 


was applied. 


o.1f Extraneous Reflection 

Another experimental error affecting the measured re- 
Hlhectance is backeround scattering. This error was esti— 
mated from reflectance measurements made without any sample 
im the beam: It was found that the scattering largely 
arose irom the sample holder, and was’ particularly signaii— 
Gant ano the far—inirared» region. Various procedures, such 
Ssusendbbasitine and paintine with @ black absorbing paint. 
met with limited success. Satisfactory results were fin- 
ally obtained when a piece of black velvet material (poly- 
erystalinne sample holder) or black paper (single crystal 
camp le nolder) was: atiixed to the front, suriace of the 
holder. 

In the case of the polycrystalline sample holder 
(Fieure 2.7), the background reflectance was reduced to 
1 


0.15% Reamathe reeiom 50-250) emi This holder was only 


used) to mecord the very far-infrared reflectance of poly- 


crystalline Ba(C10.,)5:H,9 one the: R1ed.Cw” SArmore serious 
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systematic error occurred during the processing of the 
R.1.1.C. intensity data. Since the power spectrum was com- 
puted, the noise was always positive (Section 2.5). It is 
estimated that this shifted the baseline upward by a fur- 
ther 1.35% R. Thus, the total extraneous reflectance is 
~1.5% R. This constant value was subtracted from the mea- 


sured Ba(C1lO 71 ONCeEiee vance son thevh. 1, C. sapere. 


3)2 2 
Merging Withee tNegNicoletadata Csee Figure 36.20). 

The single crystal sample holder (Figure 2.8) was wsed 
Porrecorae all oOtner final reflectance spectra oF Ba(C10.,)o: 
HO. Pes-original design involved 2 17> taper of the sam-— 
ple aperture, based on measurements of the optical path at 
the reflecting surface (see Figure 2.5). However, it was 


OpServed= that tiis  prolotype ContrabuLled | Significant 


amount of background reflectance, even with the black paper 


Laped to the frontasuriace. Wlhis gsyshown in Curve A of 
Figure 5.4. The percent reflectance due to the sample hol- 
a 


der gradually increased from -0.02% R at 3400 ecm” to 
~0.08% R at 700 cm-+, When the taper of the sample aper- 
ture was increased to 20°, the background reflectance from 


the holder was reduced to a constant level of ~0.02% R in 


the mid-infrared (Curve B) and -0.03% R in the far-infrared. 


5.lg Sample Deterioration 


A problem peculiar to the infrared reflectance study 


of Ba(Glo *H5O was the sample's apparent sensitivity to 


3)2 


prolonged instrument purging with dry nitrogen gas. Fig— 
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Fieure 5.4 Backyround reflectance contributed by single 
ervetal sample older tor ditierent tapers of the sample 
aperture. 

Gunverte’ Ail/ taper 
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ures 3.11 and 3.lla illustrate the dramatic spectral chan- 


ges whichyoecurred to: polycrystalline Bacio *H,0 after 


3)2 
two hours of purging, and how the original spectrum was 
simply recovered by repolishinge the sample with iso— 
propanol. The changes were not constant with frequency, 
but more pronounced at the reflectance maxima. To mini- 
mize this effect, the spectra were recorded immediately 
atLery placing the treshly polished sample in the inestru— 
Menteamand form relatively short collection periods) typ2— 
cal y oOnimnipeSmClOONsScans) stor thesmid= and near—anirarece 
Feeions,wandelS manutesu(Zo0 Scans )sior st hestar—intrared 
region. it ewasstound  thateuherrave of Speetraly change, sas 
gauged from two successive 250 scan collections, was ap- 
prexamarely Drepert tonal toOrthesabsoluvelrerlectance., efor 
the mad=inirared spectra of polycrystalline Ba(C10.)5+H59, 
the percent ¢hange during this 10 manute period was -0,1% 


UCR ION OCS. uO Beat 9224cn 1: 


i 


ato a7 6Omcme Che Oo) mand 


FOma eat n Ol acme wtR =)01086).°.lni the far-infrared) recion,, 
the measured reflectance changed by ~2% of the value dur- 
higmamsOaninuterperiod. Thus, during the andividual sam=- 
ple collections, the maximum percent changes are expected 
to be 0.255 in the mid-intrared and -1) in the far—inira— 
red, Since the magnitude of these errors 1s considerably 


less than the precision of the reflectance measurements, 


they were ignored. 
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Saiieeoamp lennolder Posi bionin:e 

In@order to Obtain=an accurate estimate of sthe error 
rvolved in’ posivionine the sample holder without the com— 
pPkICatrvon ot Cther Pacvors, “silicon was Chosen es ™thne sam 
ple, and comparison was restricted to spectra recorded on 
ChePsame day and for=the same eold marror,” Aeroovercut 
HnPvOVw ENC remlecvance= accessory sAacved as a physical step be 
Une holder sand improvedsthe reproducibility an its spesd— 
tionsuec The stvest was carried out by recordine =a series 
empstiveon retlectance spectra, in which the holder pilus 
sample assembly were removed, then repositioned in the in- 
Sumuncnveatneer Cachmdoparcollec tions lv SWwasS= found! omareune 


error involved in this operation increased with increasing 


Prequency. “ror "example. the standard deviation at 800 em71 
was only 0.5% of the reflectance value, whereas at 
4000 au ig wasile. (Since incorrect positioning er —the 


sample holder always causes the meastred reflectance to be 
es sme oie inemac Ula levaiaice. Llve Ba(C10.,)5°H,0 Spectra ex- 
hibitaune the @reavess overall reilectance were used in) che 


merging procedure. 


Sela) Soamp let Uniiorne ty. 


Theverroredue to cample nonuniformivy 25 ditideuly vo 
Setimape since several tactors contribute to the observed 
variations in the measured reflectance. Since a poor op- 
tical finish gives systematically low reflectance values, 


the best quality sample spectra were judged as those dis- 
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playing the highest overall reflectance. 


inevpolyeryetallianesnature of the Ba(Cc1o *H50 pel- 


3)2 
lets was verified by polarized infrared reflectance mea- 
surements (Section 3.1b). All features observed under 
TM(p-) polarization were reproduced under TE(s-) polariz-— 
ation; the only difference was the Rs curve rose slightly 
above the Ry Curve for all Trequencies, as expected for a 
9.5° angle of incidence. It was therefore concluded that 
the polycrystalline samples exhibited no preferential or— 
LentLatvion. 

Thesconsistency sof the sample preparation and polash— 
ing techniques was demonstrated by the near-identical re- 


flectance spectra obtained for two different samples (see 


PO UIs aS An Oem SILO aren 4) te 


oJ.ij Residual systematic and Random Errors 
it 2s Of interest to compare the residual error in 
39° H50 reflectance values with that 


predicoed trom our foregoing discussion Of experimental 


the measured Ba(Cl10O 


errors) Cher principal eltfecus contributing to the repre— 
ducipality error are: instrument norse and drift, sampie 
deterioration and nonuniformity, and placement of the sam-— 


ple holder. Bxcept for instrument driit, the magnitude 


of these errors has been previously estimated. Since it is 


mot known how these various errors interact, only an ei— 
fective upper limit can be calculated from the sum of the 
individual fractional errors. Comparison with the mea- 


sured deviations in the Ba(C10,)5*H59 reflectance values 
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should then give an estimate of the error due to instru- 
ment drift. This error analysis was carried out on the 
a -polarized ferlcevanee Gata tor the (O0l) seryseal, tace 


Or Ba(C10.,)5°H,0. 


In the mid-infrared region, the reflectance was mea- 


a 


? 


sured at 64 different frequencies from 480-4800 cm Por 
6 independent 250 scan sample collections. The average 


Svandard Geviation was determined to be 3.04 of the retlec— 


tance value. Typical 90% confidence limits for this data 
were: 3500 om 7, ei =tone © 0.1 0m 960 ones % R=48 59 


ene 204 012. 


POs o- and 720s em 
Under the operating conditions of these spectra, noise 
contributes a constant random error of ~+0.05% reflection 
below 2800 cm * and ~+0.10% R above 2800 cm7-. Thus. for 
a sample reflectance of ~10%, the noise contributes frac- 
tional errors:in the measured values of £0.5% and +1.0%, 
respectively. The degree of sample deterioration and uni- 
fOormity may ditier for the various sample collections, but 
Teereeexpected’ that this error is less than (0.57.10 bbe 
mid-infrared. Also, the average fractional error observed 
for the sample holder positioning was ~0.5%. Of the Or 
sample reproducibility error, +1 ,.5— 2.0% has been accounted 
for by instrument noise, sample deterioration and unifor- 
mity, and placement of the holder. This suggests that in- 


strument drift contributes the remaining 1.0-1.5% error 


in the reflectance values. 
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Recently, avcheck of the Nicolét instrument SLaDLULLy 
in the mid-infrared region, over a period of hours, showed 
that this estimate was reasonable. A series of 100% lines 
were collected, involving a reference spectrum at time To 
and several sample spectra at later times Die te HR werT ek oos, ile 
was found that the instrument throughput gradually dimin- 
ished with time and was most pronounced at higher energies, 


yoo tM eeie2 shOuUr period, the downward dritt an the 1007 


1. 


line at various frequencies was: 2200 cm OL5%. 3400+ | 


i, 0% and 4000 Sie. ih evay 


3)9°H,0 TeXSaP Lee 


tance was measured av 9) diiierent fréquencies in the 
dh 


2 


In the far-intrared region, the Ba(Clo 


rence. 250-620) cme and for 8 independent 250 scan collec- 


tions. The average standard deviation was determined to 


be ~7.3% of the measured value. Typical 90% confidence 


limits. LOM bikes dau were 450 em, Du = eGo Ose 


ul 


eect ee GOS aide 00) omuen 692503 a 


d 
Noise is a much more serious problem in the far-infrared, 


AndarGreathescONGttions of the individual sample spectra, 


contributes a constant random error of +0.3-0.4% reflec- 


tion. For a. Sample reflectance of 10%R, this translates 
to 2 tractional error of =3-4%. The combination cf sam-— 


ple deterioration and uniformity are expected to produce a 
fractional error .ot 1%. Tt cus alse -expecred That, the er— 
ror due to sample holder positioning is approximately the 
same as in the mid-infrared region, 7.e. ~0.5% of the val- 


ue. These sources represent a total reproducibility error 


mM . 
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Ol 4 3-Oe. ylhevrecidtal error of ~246 = 2587016 sesianed 
to instrument drift. Because of the much longer far-infra- 


red sample collections, this value seems reasonable. 


ae Computational Errore 


ite major Ssouree Ofverror in the practical imolementa— 
tion of the Kramers—Kronig method is the finite range of 
toe measured reilectance data, | This truncation error hac 
been investigated with theoretical reflection AE, eee 
in Section 4.1b, we also used simulated data to check the 
inversrity OF -0uT, Kramers-Kronis program. | For a model sam— 
ple, possessing several resonance peaks in the region 
200-2000 aie? an integration range of 10-4000 om! gave 
imaginary dielectric constants, « accurate to 1% below 
1000 emt, and to 2-3% above 1000 emt, The largest rela- 
tive errors were observed in the regions of rapidly chang- 
ing slope, de°/dv. Comparison of results obtained with 


1 and 10-2000 pie setowed 


integration ranges of 200-2000 cm 
that neglect of the low frequency data incurred much less 
error than the high frequency truncation. 

Since the predominant infrared absorption by 
3)9°H,0 occurs below 1000 ones) with the exception of 
relatively weak hydrate bands at ~1600 and ~3600 cna eG 


BaVero 


ievexpected that little error is caused’ by the high ire— 
queney integracvion limit of 4400 eit TOtVenigt y abbr une 
KK-analysis was repeated for the a'-polarized reflectance 
measurements on the (001) crystal face, including data to 


6500 cm! (Section 4.2b). The nesultant Changes in the e. 
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and e' values were small and random in di VeCtion we ile save = 
race magnvude, being On tne order of (0.02 units (Table 
4.6). 

ihe sensitivity Of the derived optical constants toa 
localized reflectance error and to a small reflectance 
error over a wide frequency range, were investigated. 

A localized retlectance error was observed for one of 
the Ba(C10.3)5°*H,0 Simpler crystals © which contained 4 trace 


ImpUndiy Of Ba C Bro mt Oncsee. PMigures: 3.4 tand 305), hig 


39 2 

UEC SO, PLLIUSt raves me measured GCeviati on anethe b-polanr— 
ized Gerlectance for the pure (File Cy SC-BCL-H20-01)) and 
impure (File A: SC-BCL-H20-02) samples. The spectral dif- 
ferences are localized in the region 500-1000 Cha. with a 
maximum absolute error of 0.4 percent reflectance. The 
associated errors in «| are of the largest magnitude in 
this same frequency reeion. Values of the Kk-derived real 
and imaginary dielectric constants are compared in Table 
5.2. It can be seen that the maximum absolute error in e' 


Or = OsOsUnive occins= at the peak Ireduency of 96s emt 


T and >1000 em the 


(too) net heurer ions: <o00-cme 
errors in « and ce" are less than 1% of the value for ¢«' 
evaitel. ae 1 SHUG: 

AYsmalil reflectance error over a wide frequency range 
can occur from any of the experimental errors discussed in 
Sections 5.1 and 5.2. Fieure 5.6 illustrates the measured 
discrepancy between two independent b-polarized reflectance 
i 


Spectra of Ba(C10.,)5*H,0 in the region 1100-4400 cm 
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Posure 5.5. brror in KK-derived  €©)) values associated 
with a localized error in the measured reflectance. 


DavawarelOor-b-polarized (001) face of Ba(C10.)5°H,0. 
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Table 5.2 Effect of Small Differences in Measured Reflec-— 
tance Upon KK-Derived Dielectric Constants; 
Illustrated for b-Polarized Reflectance Data for 


Ba(C10.,)5°H,0 


eu) SCD 
Frequency 
v(em-1) Nes B* Ce iN Bo Ge 
ee ee eae 2 PAL ee ee ee ee Sie Lee ee ee ee ee 
114.7 =e 260) sate t9 —1.280 Se lo 00 Smo 0 OT, 
UZ0G oO -1.463 -1.466 -1.464 459285 4,913, 4 920 
OO! th O42) Oz) 1.624 SLO oe Ove eore hos 
ZOO, 1.983 Oi ae) ate 2.000 25655 325659 
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481.2 Sige lo Siig CATES! Si aPpetd| LoL OSr Si Gl Bigeo 
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“Spectrum C assumed correct: Spectrum A contains localized 
Yeflectance errors (see Figure 5.5); Spectrum B contains 
acme lberetlectance error Over a wade Trequency range 
(see. Figure 5.6), 
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Pisure 5.6  Brrom in KK-derived e (vy) values associated 
WLU an -2% error in the measured reflectance over a wide 


frequency range. 


Dataeare tor b- polarized €O0l) Lace of Ba(C1l0.,),:H,0. 
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File C is the composite reflectance spectrum for sample 

-02, (eo 8averaved Spectra, total 7 scans = 1375). and File 8 
is the corresponding spectrum for sample -01 (5 averaged 
Spectra. volal # Scanea=— 120). Below 1100 cin Chesnut 
reflectance data to the Kramers-Kronig program was iden- 
tical tor the two cases, The average fractional dititerence 
in the region 1100-4400 em is -2%. This resulted in a 
tadilvwesma ll error in eathesederived optical vconstants. 'ex— 
cept where 3e'/3v or de / av were large (Table 5.2). Below 


al 


OOO cme "eet hestractionaleerrors ini and 6 (are ~1-27. 


above 900 aa this error increases to ~3-4%. The lar-—- 


gest absolute error in «| of 0.49 units at 963 cng ie only 
Slo Oust he value. 

Inwconclusion. san experimental reflectance serron of 
J27,0t tne value mroduces a maximal fractional .error in 
the associated optical constants of ~4%, and a typical 
trecrional error ot 2.) According to Nilsson and 
Money model calculations, the deviation in the optical 
COnstanns Ws Approximately proportional vo the deviation 
in the reflectance. Therefore, based upon the relative 
standard deviations observed in the polarized reflectance 
data Lornc ing vercrystal Ba(C10.,)5*H59, the average percen- 
of 


tage error in the derived optical constants is ~7% in the 


far-infrared and ~3% in the mid-infrared regions. 
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CHAPTER VI. 


INTERPRETATION OF OPTICAL SPECTRA FOR Ba(C10.)5+H,0 = 
VIBRATIONAL ASSIGNMENT AND DIPOLE MOMENT 


DERIVALIVE CALCULATIONS 


In this’ chapter, the infrared reflection spectra of 
Ba(C10.)5-H5O are assigned (Section 6.2) ~The vibrational 
description is based on a factor group analysis (Section 
Ge and the discussion is Limited to Specific cContribu— 
tions of this work. Dipole moment derivatives with respect 
to erystal normal coordinates, 21/99, are calculated from 
the measured transition strengths. For the internal water 
modes, the dy/dQ's are transformed to bond moment deriva- 
tives, yi/oe and o/ oe, sand Comparison is made with the 
corresponding values reported for water vibrations in the 


Vapor, liquid and solid phases (Section 6.3). 


bel Factor Group analysis 
Aynecessary Tirst Step in the vibratwvonal assienmens 
on Ba CCLoO 


wie O sic ehOuperi erm Macvor erOup catia ysis. 


sue 

; 3 194 
Thais proceaure: ws well described by WaGs Faveley e727 a7. 
and is based on the early work of Bhagavantam and Venkatara- 

OF 

radu BM ONele (Clie Hornaige and Halt ord: An underlying 
premise is that the kR=0 selveciaon Lule is Valid sand. = there— 
fore, the only spectroscopically-active crystal vibrations 
are those in which all the unit cells are in-phase with 


oie another. «The smallest unit from whieh the entare crys— 


tal can be generated by translations alone is the primitive 
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unit cell. Consideration of the symmetry elements contained 
in this primitive unit cell gives the complete independent 
SEL ,O1 allowed (=O vibrational modes, and is termed a 
ACTOR SreOupsanalysis = ihe unit cell group, factor oroup. 
Bud pPOimt eroup "Ol tieschystaleclass are ali a1csomorpihics 

Tiewenhect  OUMeviemcrvctdilatOrces On Une tspec uramor a 
solid can be readily appreciated frem a comparison with the 
corresponding gas phase spectra. Many of the bands ob-— 
Served tor the gas are split anto several components in the 
Specura son the solid Slhis multiplet splattineg. rererred 
POmIsmeacLOt Croup Splintane,-OrlLeinacves: trom twordibrerenn 
Sources invVolVvVines anGeractelon Of a fivyen molecule or 10m) in 
miewChVc tala the ibomreurnboms., 

GG irst Oreunese 1S ar static efmecu, calleds=site 
SDulucine. whieh may occur when ~The site occupied by 2 
molecule in the crystal is of lower symmetry than the point 
CLOUD Ol vile treesmolecule. Ihe Site sroup 1S Une 2roup of 
symmetry operations which leave the site invariant, and it 
Petlecto themstat le crystal povential ol tne site aneques— 
GOL. Thue a vibrational mode which is degenerate in whe 
free molecule may have its degeneracy reduced under the 
site symmetry. Site splitting may also occur when one type 
of molecule occupies two non-equivalent sites in the crys- 
tole Even at tie deveneracy of the molecular mode 1c un— 
affected, the crystal's static field usually causes a fre- 


quency shift relative to the gas-phase value. 
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ihe ssecond source,of multaplet splitting in a erystal 
is a dynamic effect termed Davydov splitting. This occurs 
when there are several equivalent molecules in the unit 
cell As these molecules undergo a particular vibrational 
motion, they may, at any instant, have different phase re— 
latsonshins. | these various unit-cell modes resonate at 
slightly different frequencies and, if the intermolecular 
ROneecma re suLiiclenw@iye strong. wild appear vic wdiustainc. 
peaks in the spectra. Each non-degenerate molecular mode 
gives N Davydov components, corresponding to the number of 
linearly independent combinations of the N equivalent mole- 
Gules per unit cell. Since the Davydov components belong 
to different irreducible representations under the factor 
Sroup.,, they appear under different polarizations, in the 
Spectrasot tne wingWe (crystal. iit. on sbhe,other hand, the 
intermolecular; Coupling is weak, so that all of the Davydov 
components are nearly coincident, then only one band will 
be observed at the common frequency, for all polarizations 
demiveaunider tier site symmetry, but. with idittenent, relative 
intensities depending on which particular Davydov component 
is being excited. 

Thus, a factor group analysis which is based solely 
on symmetry considerations, can only predict the nature of 
the expected multiplet splittings. The magnitude of these 
splittings is determined by the crystal forces. 

In an ionic or molecular crystal, it is useful to 
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molecular since the covalent forces binding the atoms in 

a molLerune are generally much stronger than the donic or 
Van der Waals forces between the molecules. The intramole- 
cilar Or anternal modes anvolve oscillation of the atoms 
within a molecule, while the intermolecular or external 
(lattice) modes involve motion of the molecules with re- 
spect to one another. The external modes can be further 
SUbCIVviICcd Into rotational librational ) vibrapions and 
tranelawtonale vibrations. Three of the translataonal modes 
MmVvOlyer simple transciavion of the entire Crystal an the 
three cartesian directions. These zero wavevector, zero 
frequency vibrations are termed acoustic modes and are 
Couatiy excluded = irom the vibrational analysis, All over 
Crystalevibravions are Classified as optic modes. “Thus, 
for a molecular crystal containing N molecules per primi- 
tive unit cell’, and m atoms per molecule, there should be 
38Nm-3 R=0 optic modes, of which N(3m-6) are internal, 3N 
are rovapional, and oN=o are translational vibrations. In 
tie case On an 1Onie crystal containing, Kvdiccrere (non— 
linear)’ polyatomic units and L monatomic Units, the pre- 
ceding description of the crystal modes is slightly modi- 
fied to: the number of k=0 optic modes is 

] + 


[Ny (3my,-6) + 3N,+3N, 


lu wm 


Unfortunately, this clear distinction of the crystal vibra- 
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modes: which can=interact to pive vibrations of mixed rota 
tional-translational character. 

The symmetry classification of the crystal k= 0 modes 
is performed by a stepwise correlation of the irreducible 
representation for the 1Ssolated ion or molecule to a) its 
Save eroup sand bD)gihe factor group. The Optical acuivaty 
of these unit-cell modes is determined by their symmetry 
species under the factor group. 


BOGELUe pULDOSeS On a factor group analysis, the ionic 


crystal Ba(C10.,)5:+H50 may be regarded as an ordered ar- 


3 


90 molecules, Since the isolated C10, 


ion and Ho0 molecule frequencies are well-separated, to a 


rangement of i) monatomic Boaience Ido polyavomic ClO 


LOne . and. Lio) ah 


fPecSe aoproximatron,, their vibrations in whe-erystal can 
be assumed uncoupled. Table 6.1 describes the symmetry 
and srelauive: DO@SIttLONS, Of These structural units: 1n the 
EVrvyetablovraphie uni, cell Ci2/c). Whe mulvipiterty, that 
is the number of equivalent species of each type in the 
body-—centered cell, is also given. The primitive unit 
Cell. wheeneis used lin the derivation of SpeGtlral AG tLVeLtys 
is one-half the size of the body-centered cell, and con= 
tains 2 molecules of Ba(C10,)5°*H59, on 24 aboms.. AY total 
Ot (2 1e= 0 crystal vibrations Us expected, which may be 


GClassitied as follows: 
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Table Gals shquivalent ortessin Ba(C10,)5+H,0, Space Group 


ame (12/c) 


Group Symmetry Multiplicity Wyckoff Notation 


2+ 
Ba Co 4 (e) 
C10, Cy 8 Gis) 
H50 Co 4 Ce) 


Wyckort posi tons: 


(e) Oy 4, s%4-y 4, 2 ty a, Oya 
Gia) ey Ze ey oy eS 
BT oe yaa Ze eee ay 5X sty erent ciemy S 


Taple 6.2 ‘Character Table for Group € 


2h 


Infrared Raman 
Con AGULV LEY ACUALY 15,7 
Ag uk il 1 1 RZ Mex? yy to vy 
Bg it -l ip -l RX RY oz? zx 
Au il a -l -l ee 
Bu i -1 -1 a ose A BAY 


Table oe oe Correlation fablestor Group Con and 1S) Silpesroups 
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Wixom 4e—16 i= 945 internal 
C10, — ion modes 4x8 =12 rotational 


4x3 =1]12 translational 


PERC Xe Oo = Oe internal 


HoO modes EN ats) =6 rotational 


2x3 = 65 translational 
2+ , 
Ba ion modes \ Zoo 6 > Urans ational 


itamMuUsta pCmeMphasized sina this Clear distinction ot the 
Vabrational modes assontlyevalild if they do net “interact 
appreciably. “However, if the unperturbed vibrations are 
Similar in frequency and belong to the same symmetry spe- 
eles we viey can dynamically couple to cive crystal modes of 
mixed character. 

Ties. 2ClOr Sroup s.01 Ba(C10. )5*H5O is Con: Its char- 
aCveLr Mave sah espeGumalnactliVi ty are caven ah Table ong. 
As a consequence of the crystal's centrosymmetry, the in- 
frared-active vibrations are Raman-inactive, and vice ver- 
San Lobe correlation ot Con with its sub-groups is given 
ipelaple. 6.3.8 ene sien Croup must necessarily be wa. sub— 
SEOUL TOL Lue TaCcbor @roup and Of Uhe poll, Sroupr Ol “tine 
1solated molecule or Ton. 


ineba CLO 99, the water molecules are Located on 


3)9°H 


sites of Co symmetry, which means that the Coy molecular 
modes which are symmetric with respect to the Cy operation, 


en Ay and Ao, correlate with the A species, while the 


Coy water modes which are antisymmetric with respect to 


Dee, oo. and 2 correlate with the B species. This 


C i 2° 


2 ) 
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correlation is depicted schematically in Table 6.4. Under 
the factor group, the vibrations of the two equivalent 
water molecules in the unit cell can couple to cive gerade 
and ungerade components. A factor group analysis thus 
gives the following representation and activities for the 


internal and external water modes described in Table 6.4: 


eet @) 

2 — 

ieernal 2 ec to eee hor 2auCIR) Sp BuCik) 
HpO 

Seternat 7 coe sh) + 4Be(h) + 2Au CIR) = 4BuciRk) 


where 'R' denotes Raman-active and 'IR' denotes infrared-— 


EyYO1G AYO, 


APiactor croup analysis for whe C10. ion modes shows 


that each free-ion degree of freedom yields an Ag, Au, Bg, 


and Du vibratron under the € facvor USToup (See labios Gron): 


2h 
This is a result of the Cy site symmetry of the C10, ions 
iMmeviecwLatvIce. eA Clearer physical picture of Thiuciiacvor 


group coupling may be gleaned from Figure 6.1, which shows 
schematically the coupling of the symmetric C10, ion 
stretching modes (v,) to produce unit—celly vibrations sor 
Ae. Be AQ and Bu symmetry. For Simplicity of 1Vlustra-— 
PlonmEUne unit cell is based on an orthogonal scoordinaLe 
system. Since the monoclinic Savene, Gees Oo Oo. sak 
approximation is reasonable. The displacements of the 


oxygen atoms in the various crystal vibrations are indi- 


cated by arrows. It can be seen that when the v, vi- 
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Table G.2> Correlation Table for the Water Molecule and 


Barium Ion Vibrational Modes of Ba(C10,),+H,0” 


Free Ho moveewle Site Uni «cel. Bao ion 
Mode (Co) (Co) (Coy) (Cy) 
Vai Vey tla ia ae 
i T '"! 
ie ee ee = 
Rz Ay Au 
Ep » Ry soe ee ts 
B Regie 
oe ee 


PablLenono) | sCOrre lations lable it0r [nternal and) Ehxternal 


Vibrational Modes of C10... Ion in Ba(C10,).5-H O- 


3 2 


Mode Free ion Site Unit -cell 
cone) (C1) Cele 


Ci ee Ie 


*The GliG25 1005) H5oO molecule (and Ba2+ ion modes are distin- 
guished by no prime, a single prime, and a double prime, 
respectively. The u modes are infrared active and The 2 
modes are Raman active. 
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Figure 6.1 Approximate forms of the C10. ion yy unat=cell 
modes in Ba(C103)9°HoO. (Co ey) 


The vairrections Of the Cl—O bonds, with respect to the plane 
Of the paper, are distinguished by solid or dashed lines. 
(— down -===—"up); ~O°S inversion Center; 4 = two-1Lold=axirs: 
DatwiReolecOub ecrvycta Lvaxes:, 
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brations for ions 1+4 are in-phase, the unit—cell vibra- 
tion transforms as Ag under the Con factor croup lapile 
G22). ) 1f a0ns 1 “and 2 are: out-of-phase and ions 1 and 3 
are in-phase, the unit-cell vibration is symmetric with re— 
spect to the two-fold rotation, but antisymmetric with re- 
Specet to the anversion center. this behavior as consistent 
WiC beAUmSsymnetry (lable .672). The Be “and Bu unit=cel) 


modes are derived in an“analogous manner. The factor group 


3 


the srepresentarions «shown, in lable 6.5, which total: 


analysis of the internal and external C10 ion modes gives 


CLOns 
3 _ 
interna] ~ CAs¢R) + 6Be(R) + 6AuCIR) + 6BuC IR) 
C10, 
Texternal — 6Ag(R) + 6Bg(R) + GAuCIR) + 6Bu(IR). 
Deo ; 
The Ba” ion, which can only translate off its C, 


Site, gives the representation: 


Bact 


See AGCR) -2BbeCR) + AUCIR) + 2BuCiER): 
whieh is) ineduded ian Table 6.4. 
Three rf the v2 iactor group fundamentals for 


-H.O are acoustic modes; the remaining GY are op-— 


Ba(C10.,)5 9 


tic modes. 


The irreducible representation spanned by the acoustic 
vibrations is readily derived from those of the Tx, Ty and 


i, MOvlLonssunder Co), giving: 
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lable 6 Oo summarizes the distribution, symmetry clacssiti— 
Cation, and Spectral aetivity tor the fundamental modes of 
Ba (C10, )5*H,0. Mus, 2ceordine so the factor ¢roup analy— 


Suey GUty Ke eRe) R=0 Optie modes form the representation: 


Weve eae oe Se ch tes we Cea ee Gita 


eee at = OA eee beta + LOsUus 


6.2 Vibrational Assignments 


The vibrational assignment of Ba (C10. )5-H,O TS. pra 


marily based on the results of the combined Kramers—Kronig/ 


classical dispersion analysis of the reflectance from the 


COO) =crvctal Stace (Section 4 73), and the group theoretical 


Peele LIOle Ot. Milena CLOl eo rOUp sanany Sie (SCeL1On 07g). 
The detailed assignments have been separated into three 


DaGtoc 1 ep thea Oumolecule, vabrational modes (Section 


2 
Sig EN) a yeaa (EAN ©) 


TOMeinvercnialmodes = CseccLlon. oO2b), 


3 
Flee ie la ontece wai bravionscsinvolving predominantly 
C10. oval a tons Gsection 6.2e). Since the majority of 


these assignments were readily made with reference to pre- 


vious eared. and Saat © SelLuadtess OL Ba(C10.,)5°H29, 


the discussion has been limited to speciztic contributions 
Steet iss WoL ik. 

One of our original objectives was to compare the op- 
tical results for polycrystalline and single crystal 


Ba (C1023 )5+Ho0. Thie data is summarized in Table G./. The 
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Table 6.6 Irreducible Representation and Spectral ACLIVAILY 


for Ba(C10.)5-H O 


2 


Cc 
rystal symmetry Con 


Vibrational mode Ag Bg Au Bu 


Trans laeLona. 


ACOUSTIC x ») 
bipratvona | 4 5 4 2) 
Internal 8 7 8 i 

sb ee earns ee ea 
Bpecrrak actavaity R R TR IR 
Infrared E||b E|b 
polarization 


ee iy |, kee 
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Table 6.7 Comparison of Conductivity Features Observed for 


PoOlyerys tala ne Ba(C10.)5-H Orand the 001) 


2 


Crystal Face 


Single Crystal 
Au Bu 


Polycrystalline Assignment 


3586 v3' (H90) 

3518 v1 (H,0) 

1607 1606 vg (H50) 

1020( sh) o/c (621+402)* 
995(sh) o/c (500+503 ) 
959 959 963 93(C10>—) 

940 eye (478+481 ) 
933 vie CCUG) 
921 O23 
912 Va CCLOs =) 
SLO) 
617 616 WoC ClOg=s) 
614 612 vo(C1OS=) 
507 (sh) 507 14 (C1LOa=) 
503 202 v4 (C103—) 
493 4 GCLOs=) 

490 A87 o/c 
481(sh) AG VA CLOge.) 
462(sh) O/.e €2227232)) 
458 Vp (H,0) 

451 CLC (2247232) 
446 OWic (621-174) 
A36 eye (Zaz27209)) 
408 O/C (621-209) 

404 Vp (HO) 

402 388 Vp (H90) 
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Table 6.7 cContinued 


pinple Crystal 
Polycrystalline Au By Assignment 
a 
232 230 vip (H20) 
220Csh) One CLLOTT10) 
214(sh) O/.¢ (1064110) 
209 210 vp (H90) 
200(sh) ye C104 92) 
im ocsh)) o/e C704110)) 
174( sh) ithe 
164 
160(sh) 160 
150 Lo 
142 
MS} ines) UGS Si IC Sole AS vpCeryst )* 
22 20 Vp(C19, ) 
114 
TrOCsh) 109 
105 
92 
Frequencies in one: Estimated accuracy 21 em7! hom 


peak frequencies. 


as : DSO 
Values in parentheses are infrared and/or Raman fre- 
quencies, whose combination is consistent with observed 
frequency. 
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frequencies for the polycrystalline sample correspond to 
the peak maxima in the KK-derived conductivity spectrum, 
ve'' (see Figure 4.7 and Appendix D for e''(v)), whereas the 
Single crystal frequencies were obtained from the classical 
dispersion fit to the reflectance and imaginary dielectric 
constant spectra for the (001) crystal face (see Figures 
ad. !oeand 4720 and) Tables 4°09 and 4.10), This comparison 
te) Velad since, for bands as sharp as these, the peak tre— 
(uenetes are COinC1deCh tell bie 1 “and Wel Tpectra mw cectlon 
Pud) eolabile Givecleanly shows that the majorityson the 
polycrystalline modes appear to high frequency of the cor- 
responding single crystal modes. This as due to the tact 
that a pure transverse optic mode is only observed when 
the incident wave vector is perpendicular to the direction 
Of the erystal transition moment, 2.2. one of the indica-— 
trix axes. For reflectance measurements on the (001) crys- 
Galera ces or Ba(C10,)5°H,0, this condition is always satis- 
fied for b-polarization, but only satisfied for a'-polari- 
vation. when this direction coincides with one of the in-— 
dicatrix axes in the ac plane. In the case of unpolarized 
reflectance measurements on polycrystalline Ba (C10, )5°H5O0, 
the indicatrix axes are oriented at arbitrary angles to 
the incident wave vector, which permits simultaneous ex- 
citation of the transverse optic (TO) and longitudinal 
optic (LO) modes. Since v,9 > Ym at k= 0, the observed 
frequency will increase with increasing contribution from 


the longitudinal optic component. 
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Based on the preceding considerations, the polycrys- 
toes and Sing bevervetal results in Table Oo. 7 are an very 


good agreement, with a few notable exceptions. For example 


, 


the polycrystalline Spectrum exhibited only a Single broad 
aa = 
peak av 92) cm (FWHM = 19 cm ays whereas in the single 


crystal=specira, tive distiner features were Bassiened vo 


it 


this reeion at 909, 99125925, 933 and’ 940° cm”. “However, 


each Ole these Titted peake has a FWHM rangine trom 7—10\ cm) 
Ser uneir Superposition, snould sive @ broad continuum cen— 

Veweu at 920 em), as observed in the polycrystalline spec- 
Crum, s Puri her evidence oF unresolveds overlapping bandas 

m1 tne polycrystalline spectrum is seen in Table 6.7, where 


- (FWHM ~ 22 aig eorresponds to 


1 


the broad peak at 959 cm 


two features at 959 one 


(FWHM = 12.1 cm7+) and 963 cm™ 
(FWHM = 6 em7*) ioe sanegle crystal Spectra, scimidamiyv. 
the very weak Au mode at 388 em + iS Tonal ly sobscured= in 
Pies velvervstalline speetrum by the presence Of a Very an-— 
tense and broad band at 404 Sin its only intluence Vs 
Pernape seen ih the slught tTrequency shitt te Tower wave— 
number at 402 em-. 

Broad weak bands which were observed in the polycrys- 
talline spectra, but only very weakly or not at all in the 
Single crystal spectra, were assigned in Table 6.7 ‘to 
2-phonon overtone or combination (o/c) modes. The pro- 


posed transitions are not intended as definitive, but mere— 


ly as possible explanations of the observed frequencies. 


th 
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Some features apparent in the polycrystalline Speetrum, 
but not im’ the polarized spectra of the (001) Ciorsias bac 
could not be reasonably attributed to overtone or combin- 


ation modes, unless a large anharmonicity was assumed. 


These modes appear at 458, 164, 142, 105 and 92 om). 
Since single crystal data were only recorded to -110 ene 
the 105 and 92 em+ bands Were obviously not measured. © Ft 


Was Ol particular intperest to determine if the 458 em~1 


band corresponded to one of the water librations. As shown 
iilablono.s “the water Vibrational modes span the urredau— 
CYple representation sie tebe AU + 2B however. Tnetoe 
iicrared, Spectra or thre GOOl) face. only one Au Sand one Bu 
mode, at 388 and 404 ene respectively, could be ascribed 
wo these water vibrations (see Section 62a). bibratvrona: 
water modes can be characterized by their deuteration 


1 


shit t, Cte ee Thus. at ethertocecme “banded. 


Line Dao 
Petlve under c@—polarization, and shiits to "S520 cnees upon 
deuterium substitution. this would provide strong evidence 
tists the mirsccine BU Water rotation. Whis was one of 
the questions addressed by a polarized mid-infrared reflec— 
bance study Of the natural (10) crystal faces of Ba(C10.)5 


“iO and Ba (C10, )5:Do0. 


2 
However, the primary objective of this supplementary 

study was to determine if any of the bands observed in the 
-1 

region of the internal C10.~ Ton modes (2450-1100) cm) 


were overtone/combinations involving water rotational mo- 


tion. The factor group analysis (Section 6.1) predicts 
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6Au and 6Bu infrared-active C10,~ ion internal modes, 
whereas we noted 7Au and 7Bu features in this region. A 


Significant frequency shift upon deuteration should identi-— 
iy Which bands are not due to C10, Lon fundamentals, put 
ICESe err om water Combinations. 

In order to strictly compare the hydrate and deuterate 
spectra, they must be collected for the same crystal face 
and with the same experimental geometry. To provide rapid, 
(uritigetivye data evilesnatvurall unpolished (110) ceryvstal 
faces were used. Figure 3.2 shows that the longest edge 
Omechice GLO): tacesis=sparallel to the“c—axis, “li -the an— 
croent "eVectric Vector 2S oriented in this direction. 1 
wilt excite Bu modes which have a significant component 
along c. This experiment should indicate whether the 
458 omens band in the polycrystalline spectrum is c—polar-— 
ized. “On the jotuher hand, if the ancident electric vector 
iS veorkmented perpendicular to this direction, but ain the 
GO )eolane ait Willeexcite ab-polarized tcrystal modes: 
jeee 2 Modes polarized alone band Buemodes polarized 
predominantly alone a. This should reveal all modes ob-— 
served in the spectra of the polarized (001) crystal face. 

Rabble 6.8 lists the peak frequencies and retlectance 
veiluecutor the c-eand ab-polarized spectra of the GEO) 
Creve taletaces OF Ba(C10.3)5:H_9 and Ba(C10,)5:D,0. The 
frequency accuracy was estimated from Ene Dread or. tne 
reflectance bands. The reflectance values, although not 


definitive, give a qualitative indication of the relative 
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489(2) 
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297 en 
POTS sh 
3376(4) 


480(2) 
489(2) 
493(2) 
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620(1) 
923(2) 
929,sh 
975(3) 
1O07(2) 
1604(2) 
3514(4) 
3577(5) 


oe ee ee 


.8 Comparison of Peak Reflectance Values for c- and 


ab= Polarized Spectra of the (110) Face of 


Ba(C10.)5°*H5O and Ba(C10,),°D,0 
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intensity of the features. It can be seen that the Dea ae 
457 ena in the c-=polarized spectrum of the hydrate as ab-— 
sent in the corresponding spectrum of the deuterate. This 
data was not recorded below 400 emt, SO°41 25 not known 
whether this band shifts to -320 cm7!. This information 
was however available from previous ac-polarized transmis- 


. Thee) ; 
sion measurements Onesie le crystal Bacelo 


3)9°H,9, which 
showed a band at 454 cm? Shittine to 360 cm7? upon deuter- 
1um= substitution.” The “evidence strongly suggests that the 


reflectance band at 457 em7+ is c-polarized and corresponds 
to a Bu water rotational mode. pince the data for the Clo) 
crystal face was not Kramers-Kronig transformed, the asso- 
ciated resonance frequency can only be reasonably obtained 
from the Conductivity peak Maximum in the polycrystalline 
Spectsum. which occurs at 408 cnn a 

The reflectance peak frequencies for the (110) face of 
the hydrate and deuterate crystals are compared with our 
previous polarized-reflectance peak frequencies for the 
COOM merry stale ace ot Ba(C10.,)5°H50, in Table 6.9. AS ex- 
pected, the features in the E(ab) spectrum comprise the ‘sum 
of the bands observed in the E(b) and E(a) spectra, with 
the exception of the 1007 cm! band in the E(ab) spectrum, 
which has no counterpart in the E(b) or E(a) spectra. The 
1 


broad band at 975 cm in the E(ab) spectrum can be ration- 


alized as the unresolved intensity-overlap of the peaks at 


i i 


971 cm. E(a) and 980 cm, E(b). 
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Table 6.9 Comparison of Observed Frequencies for 


Ba(C10.,)5:H,0 and Ba(C10.,)5:D O Reflectance 


2 


Maxima 


Ba(C10.,)5°H O 


2 Ba(C10.,)5*D,0 


(001) Face C110) Face (110) Face 
PCy Ca) E(c) E(ab) E(c) E(ab) 
Gow = = 
479 477(sh) 480 467(sh) 470( sh) 
492 489 493,489 480 480 
5OS DOS 503 504 504 
509 S50 5iLO 
609 613 Gis 
618 620 620 619 620 
922 923 922 
931 929:¢sh) 929(sh) 
951 947 
971 
975 OFS 
980 980 980 
997(sh) 993(sh) 
LOOT LOGS 
Los Cshy 1013 
1604 1604 Be eshs 
SOLO 35014 Qu 
20 12 
S502 3976 Ome ZOO>s 2666 


: : -l : 
Frequencies in cm units. 


“The electric vector 1s polarized in the crystal axis 
direction given in parentheses. 


one). Cis 


ee. aa aes 


¢ a2 «+2 
t 1g% ‘ . ar 
oF ad 
j Liar 
t% 
‘ 
ik 
I 
Ti 
ba 
i yoa a ae 


7) dks 
a a qvot “ah = BTGGy 
® ; <i 


a 


SS ee) ae a nee 
> 


a] - a a . 
wa ba ant at: Lover tw 


a 
rev - 


Sila: oe ba any ei mip Glapags 
_ 1aetag at nS 


301 


It is obvious from Table 6.9 that none of the reflec- 
tance features in the region 450-1100 cm! shift signifi- 
Cantly in coins irom the hydrate to the deuterate Crys wae 
Thus none of the extra Au or Bu species modes can be reason- 
ably accounted for as combination/overtones of water rota-— 
tional modes. Inemost cases, the frequency shift is within 
the estimated experimental uncertainty. However, the bands 
a ie end 489 cn ane tne c-polarized spectrum of the hy- 
drate which shift to 467 and 480 cm? in the spectrum of 
Uhewdeuterave sappean to involve a small ameunt of coupling 
with the water modes. The same can be said for the bands 
at 480 and ~491 cm7+ in the ab-polarized spectra of the hy- 
drate which shift to 470 and 480 cm7+ in the corresponding 


deuLrerace spectrum. To murther complicate the vibrational 


8) 
vibrations were observed in the c-polarized (110) reflec- 
il 


asSignment of the ClO ion internal modes, additional Bu 


tancercpectra at Jol 930.5 907 and LOLS cm This, reswiee 
Wid besdyscussed in Section 6, 2b. 

The approximate orientation of the transition moment 
for the Bu crystal modes was supplied by a comparison of 
thera, polarized (O0l) and c—polarized (110) reflectance 
epectras( Table 6,9). ) Recall that for a monoclinic erystal, 
ONiv tie tnteatrineaxic parallel to xb ois fixed by symmetry; 
the remaining two axes lie in the ac plane, but their posi- 
tion is frequency-dependent. Since the bands at ~490, 
~504, ~619, and ~3574 cmt were observed under both a'‘- and 


c-polarization, their transition moments must, LLe au an 
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intermediate position between the a- and c-axes. On the 
Ovher thand, bands at 922 and 971 em7t, only observed under 
a'-polarization and bands at 457, 477, 951, 980, 997, and 
LOLS emt only Observed under C-polarization, must have 
their transition moments primarily aligned along the a-— 
and c-axes, respectively. 

The detailed assignment of the crystal vibrations in 
Ba (C10. )5*H,0 will now be discussed with reference to the 


EACLOLECrOUD-anaLyc? se 


Ouze. Vibrations Of Water Molecules 


In Ba(C10,)5+H50, there are two equivalent water mole- 
cules in the Primipive: unit “cell located on sites of Co 
Symmetry. The factor group analysis predicts three infra— 


red-active internal water modes of species Au(v,), Au(vo5), 
and Bu(va). The polarized conductivity data for the (001) 
erystal face (Table 6.7), clearly show Au (b-polarized) 


modes at 35914 and 1606 ene and a Bu (a'-polarized) mode at 


3584 em, These frequencies and symmetry species are in 


excellent agreement with the polarized infrared transmis-— 
1S) 
sion measurements of Bertie et al. Ol Ss ln Sen Cire vis ya 


Ba (CLO *H2O at 298 k= they reported the symmetric Ou 


3)2 2 
erretch end bend at SolG and 1609 em, respectively, and 
i 


the antisymmetric OH stretch at 3584 cm Our KK-derived 


conductivity data confirm these earlier assignments. The 
small frequency discrepancies are undoubtedly due to re- 


flection effects distorting the transmission bands. 
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The librational modes of the water molecules Span the 
irreducible representation Au + Ac +-2Bu + 2Be° under the Con 
faclton group sand, to alfirst approximation, can be de= 
seribed as °vibrations about the principal inertial axes, 
Wistnirerenence to mieure ine, the in-plane rock (Ry) and 
the out-of-plane wag (Ry) and twist (Rz) transform as Bu, 
Bise nO, respectivelywae As previously noted ian the an- 
troductory chapter (see Table 1.6), considerable contro-— 
versy has Surrounded the assignment of the librational 
modes in Ba(C103)5+H59. The ordering of these frequencies 
or their relative intensities cannot be easily predicted 
without a detailed knowledge of the force field about the 
water molecule. 

In crystal hydrates, it is generally expected that the 
rockeappears mo high frequency of the twist or joe thas 
is rationalized by the sreater interaction of the water 
molecules with atoms in the molecular H-O-H plane than with 
Atoms Out © mm this plane. for Ba(C10,)5°H,0, this empirical 
prediction was cContirmed by the sangle crystal inelastic 
neutron scattering experiment of Thaper et aa However, 
their reported frequencies of 477 oa (rock) and 457 and 
395 om - (twist and wag) cannot be strictly compared with 
the values obtained from related infrared and Raman studies, 
Since different selection rules apply in the two cases: 
Optical measurements give k =0 values which are determined 


by the symmetry selection rules of the factor croup, where— 


as neutron measurements probe all values of Rk in the first 
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Brillouin zone.199 


One thet basis ofvdeut i i 
Oo eurebatcvon Sshitts “H00/ ¥D920 of 
eli g=1.4" Bertie er Di ee asSigned transmission peaks at 
1 1 


454 and 395 cm” to the water librations. The 454 cm 

band was only observed under ac-polarization, and the 

SO5 em7} band appeared under both ac- and b-polarization. 
They stated that their polarization data.was: confused below 
400 ene, so the polarization of the 395 cm~- pand was un- 
certain. Assignment of these librations was assisted by 
thewcantier eI iLeratureww an, part Loulary ether dmrestidy) of 


tG) 


Ba CCLoO *D,0 by Chasbax From the temperature dependence 


3)2 
Gr UnewCecuveron quadrupole coupling. Chibaycaleculated= the 


rock=to, high trequency of) the twist and. wae, which are 


nearily degenerate. | Thus, Bertie @¢ ia assigned the Bu 


mode at 454 cm - to the rock and the band at 395 em7* Ort 


indeterminate polarization, to the degenerate pair of twist 
and wag. 

(neo 7ee se Eriissson: tand tindisen reassigned the water 
librations to 467 ena. Grocis peo 7 em + Ciwist).)rand 
396 eine (wag), ‘on the basis of infrared transmission mea-— 
surements on polycrystalline Ba (C10. )5°H59 at aLOOSKiew Phere 
corresponding room-temperature frequencies were 451 and 
390 cm. Since they did not determine the symmetry spe- 
cies of these vibrations, their main justification for 
I 


assigning the band at 457 cm ~~ to the twist was its low ob- 


served intensity. Since the twisting mode involves no 


change in the permanent dipole moment, it is expected to 
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absorb much more weakly than the rocking and wagging modes, 
for which the permanent dipole moment oscillates. Eriksson 
et ee also performed a normal coordinate analysis of 
the nine inftrared—active water modes in Ba(C10.)5°H,0, and 
found reasonable agreement between their calculated and ob- 
served frequencies. LE Wes moved that the Tibprativonal. tre— 
Queneies exhibited =the Vareest relative error of —2,5%. 
compared with ~0.5% for the other modes. 

Ihe wresult sVOrmomespolarizeduinnrarcedererlectance mea— 
surements Support, however, the earlier assignments of 
Bertie e¢ ee The strong and broad absorption they re- 
DOLVeEdr at 895 cm? has now been resolved into an Au mode at 


388 ge and a Bu (a'-polarized) mode at 404 em. Ths 


bandas due to tie 


Shronelyesuecrests thausuhe Soo. em™ 
twist and the 404 em + band arises from the wag. The very 
low mntensity Of the 33s cm pand is consistent with this 
asSignment. The c-polarized band at 408 ein observed for 
tHe GklOVrcrystalmuace and? for the polycrystalline sample 
CEableswG., ? snd 6.9). as acsicned to the Buy rocking mode. 
ics chichte deviations 2rom Bertie 's eral. reported value or 
454 emi, Gan bevexplained by the fact) that eur observed 
resonance frequency ancludes a contribution from the asso- 
Giated) Loneitudinal optic mode. 

Further evidence supporting these librational assign- 
ments can be found in a model set of normal coordinate cal- 

OO 


2 
culations by Eriksson and Lindgren for tetrahedrally— 


and trigonally-coordinated water molecules. They considered 
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only one water molecule and assumed central forces between 
the water molecule and ite three or four nearest—neighbor 
atoms; the interaction with more distant atoms was assumed 
to be much weaker. The results of these calculations should 
therer ore be Ot -seneralsapplicability, ai the preceding 
Lamia trons are va lad: It is noteworthy that Eriksson and 
Lindgren-°° predietcd that, in a tetrahedral environment, 
the rock should appear to low frequency of the twist and 
Wal, ovOleh LS CcOnurary to the usual expectation. ”° 
Ficure 1.7 Snows sthatethe water molecules in Ba(C10.,)5 
"H50 Teeside iva Nearly triconal planar environments. The 
Bac ion is situated on the water molecule's two-fold ro- 
tablone acs (Ba--Oy = 2.60 A), and the hydrogen atoms form 
weak bonds with the nearest-neighbor oxygen atoms O0(2) of 
the C10, ion (Ow--0(2) = 2.891 + 0.005 Ay 2°° whe water mole- 
cule and its immediate environment in the (010) plane are 
shown in Figure 6.2. Intermolecular coupling between the 
two Water molecules in the primitive unit cell as expected 


il ; 
to be week since the Gistance of closest approach oe TRS 


AZ SeNG thus, thercondrtions Of Eriksson “and ee 
Calculations ares well-catistied. » lable 6, V0) e1vec their 
Dredictedstrequencicssand polarization behavior for sarre— 
presentative trigonally-coordinated water molecule on a 


Spe, Ot aC symmetry, and compares them with our observed 


2V 
values for Ba(C10, )5+Ho0. Because of the manner in which 
Eriksson and Lindgren defined their force field, their re- 


sults do not distinguish between the cases of Coy Co, and 
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Table 6.10 Comparison of Observed Frequencies and Polariza-— 
tion of Water Vibrational Modes in Ba(C10,),-H,O 
with those Predicted for a Water Molecule in a 


Trigonal Environment 


z 
{ 

Coordinate system: SZ + coming out of page 
Oras = - going into page 
* 

Observed Predicted 

Frequency Frequency Approximate 

(Symmetry)?t (Symmetry) Normal Mode Description 


103(B,) SF CTX) 
© 
210(Bu) 242(B, ) Le Ges 
230(Au) 305(A,) Qe (Tz) 
Swe 


404(Bu) 412(B,) 2 c) wag (Ry) 

388(Au) 412(A,) ee twist (Rz) 

458 (Bu) 526(B, ) AL rock(Rx) 

1606(Au) 1669(a, ) ee bend(v.) 

Bola CAD) 3515(A,) Bg 5 symmetric 
stretch(v., ) 

3584(Bu) 3564(B, ) sre asymmetric 1 
stretch(v.) 


* 
Reference 200. Site symmetry is Coy: 


"Site symmetry is Co. 
ony one water molecule in the unit cell is shown. For 
the Au and Bu unit-cell modes, the atom displacements in 


the second water molecule are opposite in sense to those 
of the first water molecule. 
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Figure’6.2 Trigonal environment of HoO molecules 

in Ba(C10.)5°H,0. 

The. projyecusonmon che VOLO) lane is shown. “Che OF-O.C2)) 
VecUuOr Vs directed into the pace. ¥ 


Table 6.11 “Intemsity Ratios for a — and e- Pollarized 
Components of Water Rocking and Wagging Vibra-— 


tions, Calculated Under Oriented Gas Model 


: ay 
DSL TSO LO Oat _Direction cosines ~ Q 
- = ees sas a . omen 
Moras du/ 3Q a -axis c-axis 4 
v along H-H O80 0.60 is 
rock 


‘wag | ee Bieos5 0.60 0.80 0.6 
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Ca Co) site symmetry. Thus, their Ay and Ao modes should 
correspond with our Ay modes, and their By and Bo modes 
with our By modes. The approximate motion of one of the 


water molecules in the unit cell is also shown schematic— 
ally in Table 6.10, assuming negligible vibrational coupling. 
Aysigniticant result of Eriksson and Linderen”s model cal— 
culations is that the rock is predicted to high frequency 

of the twist and wag, which are degenerate. This is con- 


SiIsvenUrWiuloun hindineseand hose .of Bertie 2t ae 


and euine, pee bul, eneonstelent swith trakecon and Land— 

aren Ss = own water librational assignments for Ba(C10.,)o° 
H,0; no comment was made regarding this apparent contradic- 
ei Ne In sconclusionp tne Majority Of, the available data 


en) Ba.( ClO ‘H,O supports the assignment of the rock, wag, 


3)9 
and twist to frequencies at 454, 404, and 388 one re- 
spectively. 

Outro larized reilection, Study andicates, however, 
thatewhe rockine andy wageing motions may be mixed jin the 
two bBuUMroLarional vibrations. ‘this dynamical icoupline scan 
occur because these water modes have the same symmetry un- 
der the Con LACvOm shou. sangeare: ClOsc ane inequenc sas iver 
dence for this mixing can be found in the observed polariz- 
ation behavior of these modes, according to the following 
argument.. 

In the absence of mixing, the oriented gas Sayles 


should give a reasonable description of the relative inten- 


sities and direction of polarization for the wagging and 
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rocking modes. This model predicts the transition moment 
for the rock along the H-H Line, and that for the wae, per-— 
pendicular to the H-O-H plane. Table 6.11 gives the co- 
Sine of the angle between these molecular transition mo- 
ment vectors and the a’- and c-axes, which are referred to 
dena rection COsines si nerrelative intensities of the a — 
and c-polarized componentsvof these vibrations are given 
byethne rato (or the squaressot the associated direction 
Cocinee. a VkL hough Ba (C10, )5+H5O has two molecules per unit 
eel) stheiryindividual transition moments are related by a 
Simple permutation of sign, so the above procedure is valid. 
Pecans berseen that eihe rock, should display maximum inten— 
Sity along a’, while the wag should absorb most strongly 
eroneec. Thais Ses* inconsistent with our net leectance Spectra 
for these modes. The rock only appeared under c-polariz-— 
ation, and the) wag only under a'-polarization. These find- 
Mes Ssucrest athbac Lhesercrystal vibrations are nou pure 
waceing OT rocking motions, but are mutually orthogonal 
near ecombinatrons of bothemotions= Figure 602 Shows 

that hydrogen bonding to the chlorate ion oxygen O(2) can 
impart a component of rock or wag during the wagging and 
FoCking Wibkations; respectively. 


The translational vibrations of the water molecules in 


Ba(C10.,)5-H O form the representation: Ag +Au+ 2Bg + 2Bu 


Z 
(Table 6.4). To a first approximation, these translations 
can be described as motions along the principal inertial 


axes. The infrared-active translation along the 2-fold 
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axis, T,, transforms as Au, and the infrared-active trans- 
tations perpendicular to the 2-fold, Tx and Ty, transform 
aS By. However, it should be noted that these vibrations 
can mix with the rotational and translational motions of 
the C10, lons, Since they occur in the same frequency re- 
gion. 

The water translational modes in crystal hydrates are 
GClidiacucri Zed sbyed, deuULrerium chitt of -1..04-8 “On thie ba— 
Sis, Bertie et Pn asstened bands at 234 and 207 on 
ii tne 1 eared cransimession) Spectra, Of sinclercrystal 
Ba (C10, )5*H50 ave s00r Keeton water translations, but were un— 
able to determine their corresponding polarization be-— 
haviour. Eriksson and deren. also used the isotope 
eriect tO @ssien transmission bands at 239," 208 and 75 om - 
iNepoOMVeryatal line Ba(C10.)5:H,O at 29S-K to water trans— 
lations. These previously reported values compare well 
With our observed conductivity peaks for the (O01) “crystal 


* (a =polarized). 


Pace may 4-230 su (b-polarized) and 210 em” 
im order to assign these modes to specific water transla— 
tions, reference was again made to the model calculations 
of Eriksson and idundermam, which are summarized in Table 
Ge LO it) cam be seen that the T, mode is predicved to be 
the highest frequency translation, that the in-plane Ty 

mode should appear at a similar, but lower frequency, and 
that the out-of-plane Tx mode, which in the first approxi- 


mation involves no change in nearest neighbor distances, 


should appear at a much lower frequency. Thera bsolutesire= 
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quencies calculated by Eriksson and Lindgren?90 cannot be 
strictly compared with our values; however, their relative 
magnitudes should reasonably describe the situation in 
Ba(C10,),°H,0, aS long as the assumptions of their model 
ColLeculaviome are v4 bic, 

The present study shows that the Ay translation occurs 
LOmnteherrequency of thes by translational mode, in acree— 
Ment with Hraksson and? Lindgren™s prediction, 99 huss 
the Ay mode at 230 cm* is assigned to the water transla— 
tionealene the dipolar axice and the Buy mode at 210 em. > 
is assigned to the water translation in the H-O-H plane, 
and perpendicular to the Co-axis. The out-of-plane water 
which was 


the effective lower frequency limit of Bertie’s ef Fie 


translation is presumed to occur below 30 emt, 
infrared transmission measurements. AS previously indica- 
ted, Eriksson and iuatieeom assigned, thiseviprarion tC 

a band at 75 em -, Their observed 1 em > shift upon deu- 
teraction, with. purported frequency resolution of 3 oa 
ts weak evidence for this assignment, but must be accepted 
inpulemoere Cetinitavespolari zations Gesults aresobtained:. 

The vibrational assignment of the water modes in 

3)9°H_9 ie summarized in Table G2l2. The gerade ine— 


: ee 130) Ge 
quencies were obtained from Bertie's et Gn Single crys- 


Ba(C10 


tal Raman measurements at 298°K, unless otherwise indica- 
ted. To appreciate the origin of the observed crystal fre- 
quencies and their factor group SplLichinge, bhescorrelati on 


with the isolated water molecule modes is also given. 
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Table 6.12 Site and Davydov Splitting of the Water Modes 


in Ba(C10, do “Ho O. Frequencies in ecm 7 
Internal Modes 
Site Statet Factor Group 
Molecular Mode*(C,,,) (Co) statet(Con) 
vo GAS) 3657 3514 (4 
1 Fy a Ts g) 
(OW ane Uae eh 
a ? (Ag) 
~1606 
’ oan ee eos 
Vo (A) 1595 


vg (By) 


3756 
~ \___3583¢p) ——<7 3584 (Bu) 


3582(Bg) at 90°K 


Rotational Modes 


i ie ee ? (Ag) 
Rz (Ao) 388(A) 388 (AL) 


50) pe eee 
By 5) ADH) 6 
als Tae onal Nodes 

ad 
Ty(B]) —~—————————_ 20. 5() Ea tas) 
720 5(B) ee 


Tx (B2) 


* 
Reference 202. 
TRaman frequencies at 300°K from Reference 130. 


Site state frequencies were obtained by averaging the 
factor group frequencies originating from a common site. 


er erence 134. 


Factor group states denoted with a ? were not observed, 
probably because of low intensity; their frequencies were 
estimated from associated gerade or ungerade mode. Under- 
lined symmetry species are predicted values. 
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Oeavenonbernal ey Vibrations of" the ClO3- Ion Modes 

The four C1l0,— JONS in the primitive unit cell of 
Ba(C10.,)5+H,0 are located on general positions (Cj sites). 
neecording to the factor sroup analysis (Table 6,0), une 


symmetric stretching and bending vibrations of the free 


C10. VOnk V4 and Vos each sive Agi ie Ber Bip Davydov 
components under the Con EaAcCTOr group, while the anti— 
symmetric strevching and bendine vibrations, V2 and Dele 


cach transformvas 2Ae + 2ZAu + 2Be + 2Bu. “Since symmetry per— 
mies unese molecular displacements to contribute to the 
same “cruystal Vibrations, a Strict assignment of the op— 


served modes to components of Sag Mae etc, May How be cor— 


Gecty showeyer) vii seprecedure is USeTulL aS a Tirst a@pprexi1— 


may Lon. 


The infrared and Raman spectra of C10. 


10n an aque— 


ous solution have been reported by Gardiner et ieee On 


the basis of measured depolarization ratios and a normal 
coordinate analysis, they assigned Raman bands at 933, 608, 


O77 ANand e477 (om o- 


d 


respectively to the vy, 0A), Vo(A), V3 (E), 


, 


3 TOM Vbbreavlons. These values are assumed 


and v4 (E) Cro 


to be close to the unperturbed C10, ion frequencies. Mea- 


sured differences with the associated C10. ion frequencies 
3)9°H50 should retlect the intlwence of the staric 


and eaynamicalv erystal torces. 


i “baCccLloO 


The C10, ion internal mode region of solid Ba (C10, )5 


"H,90 has been previously studied. The first extensive in- 


frared transmission and Raman measurements on Single crys- 
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tealwand polycrystalline Ba(C10.)5°*H,0 were performed by 
Bertie et Fie in 1973. Although their Raman spectra 
displayed relatively sharp bands with unambiguous polariz-— 
ation behavior, their infrared study was severely hampered 
by broad, strong absorption of indeterminate polarization 
in the region 900-1000 em): this prevented them from ma- 
king a definite assignment of the ungerade components of 
Vy and Va: The infrared and Raman frequencies and sym— 
metries reported by Bertie et ie and their proposed 
assignments are given in Table 6.13. 

baie oO¢o. hues and mippei 2. remeasured the polycrys- 
talline infrared transmission and single crystal Raman 


1 


spectra of Ba(ClO 50, in the region 30-4000 Qi, ge = EbleiS 


ay 
WOlUrm CONSULUUIVEO. Dale Ola SySvtematic invest icationvo feriie 
alkaline-earth halogenate monohydrates. Apparently, these 
workers were unaware of the earlier work by Bertie Saas 
They @lsoe reported the intrared reflectance spectra of the 
polycrystalline and single crystal samples, but gave no 
PiOteai1On, Off vhe sInvensity scale, Their observed sinira— 
red and Raman frequencies, symmetries, and proposed as- 
signments are summarized in Table 6.13. 

Comparison of the results for Bertie et ee g and 
Lutz and mnippete e shows some significant discrepancies in 
frequencies and assignments. In the following discussion 
of our polarized infrared reflection and KK-derived con- 


ductivity data, these ambiguities will be addressed and, 


NOpeHuye clarit ted, 


pr TRA ee beattt abet) 
1466 TO eo re ty oi nen 

en ore qete. herent: ghd 7 es 000 (Oe sae w. 
i) Mateos Gea Gale tuseral ess ettniioh. 
eee iid Cobnrer pee aaah “oe bevsTigs ait. 
Le ek i PEP he a me ri bes *ogs2 


eV 


Sta oldie’ 1 coveg O80 ezesaeghe oP 
vieon wm (Denna WON ye 62 Lax col aia . Si 
fle: |; eso etQgnse WHE Wyn. anaes ‘| betaine’. 7A 

21 49 - Te vc (ale ons at 2) ‘yi OFapee ye. aF ; i> 
' ai rola) ‘obeiGatewn « So 374q\ Teyeres | 
gap? , ae ruenk dati Sef . yo tad- ase q 
13760 7) Cade Durfee WH . tare @ter- a 7 
AY te ethan, dewatioe Cirle betas ing eit Gaga 


. * 
mi 7 a 


ia ich ed Sol ques, peters @lga's pie angel fasey 
b44yir We etmani lout: gehAgs £1 tesotnl oid, 0) 
og bueeugty Yue .SOSAsearZe , Pai" euirgosd | 
Sivtenidal wi Len tue . ta, & 

as We 4 ae in niewel uF Wi limos ad} to rbot 

ni leeiograae® rue, tLig he, BAM, apes - aiaet 
ere) ee yi ee) ee 


ail lage ies bee 


Phebe 


316 


‘uniqzo0eds paeztaertod-9 UT wnwTxeu yeed S PEt Ween 


‘o%y -°( fo to) eg SUTTTeysAaOAToOd uo SyUSOWeINSveW UOTSSTWUSUeIY perergzuy 


-0°H- “(£019 ) eg T¥4SA10 STSUTS UO SJUSMOANSVSU UOTSSTWUSUCI} PeATeATUL peztaeiog 
* 


O8P (Sa) PsP (ng ‘ny )SGePp 
b, } (8V)S8P en Log Pe (SV )980 De (nd) vOS 
g ‘ 
(Sq) TOS 90G (sq‘s8Vy)o0¢ (nV) 80S 
: . Ge { (3V)IT9 ae a ate 
a OL9 a GTO (8a) 1Z9 (nq )0zZ9 
ia (Sd) S16 
; (SV )9T6 ne. { (8V)816 
: (3a) Se6 Ee G6 lin (Sa) 16 ZL6 
(SV) PEE OZ6 
096 
(Sq)G96 0S6 (34 )696 e I 086 
e. on OLG os (3V)S96 Pig e as eis SOOT 
(nq )4L800T (82 )986 
(8V)S86 (8V)986 
ueuUey iD uUBveweYy cell 
POY Vo0uUatasoy O€F1l VFoDUuUeTEeTSeyY 


G 


o°H.°(®o1d)ea UT sepow Teuzeiut uoy © 


OLD FO Sj}USWUSTSSY SNOTAeIg FE['°9 STARZ 


j une ' (46 shea! 


— ee ee Sl — 


_ = — —~ 


wtyale ft atts heieyt 41 


HGS ol (tS . : a @* 1" aire" 


- $mccééiie bet LEGGE “aT? teteyha? ¢ 


are 
Te bt. oe 2 arpar iene’ - ya a 


i ¢afen~ ew sil eoegse SaG8H 


317 


Our observed conductivity peak frequencies and sym- 
metrics [or single erystal Ba(C103)5°H,0, in the C10, — ion 
internal mode region, are presented in Table 6.14. The 
relative intensities of these spectral features, as deter- 
mined by a damped harmonic oscillator fit (Tables 4.9 and 
4.10), are also given. This data is compared with the 
associated gerade mode frequencies, symmetries and relative 
intensities, as reported by Bertie et aie In the in- 
frared, we obtained 6 Bu+4dAu modes in the a wae region, 
and 4 Bu+3 Au modes in the eA region; this compares 
with an expected 3 Au+3 Bu modes, in each of these regions. 

In order to explain these additional features, account 
was taken of their observed intensities and band shapes, 
Since fundamental vibrations are typically much stronger 
and sharper than combination or overtone modes. On this 
basis, the very broad, weak Bu modes at 995 and 1020 cm7? 
are assigned to the first overtone of Va: The irreducible 
representation spanned by 2V4 fOr the ree C10, LO S 


le— hee SO, under the Co factor SrOupe this correlates 


h 


with a very large number of crystal states (3Au + 3Ag + 3Bu 
Tobe) The average value of the Davydov components for 


v, is 494 cmt (see Table 6.17), which predicts that the 
ere -l : 
2V 4 modes should occur in the vicinity of 990 em> = this 


is what we observed. 
-l 
The medium strength Bu mode at 963 cm and the very 
strong Au mode at 959 one are assigned to va, which is 


130 : 
consistent with Bertie @y al. s assignment of Raman 
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Table 6.14 Relative Intensity of Features in Conductivity 
and Raman Spectra Of Single Crystal 


Ba(C10.,),5:H,O in the C10. Ion Internal Mode 


Region 


Conductivity Raman!%0 
v Symmetry Intensity* DV SYIMeUCy we Den St Ly 

1020 Bu w,vbt 986 Ag vw 
995 Bu w,vbt 986 Bg W 
963 Bu ms 965 Ag ms 
959 Au vs,;b 959 Bg W 
950 Bu ~m> 

940 Au vw,b 

93:3 Au W 934 Ag Vs 
929 Au w,b O31 Be S 
912 Bu s 918 Ag ms 
909 Bu m 915 Bg ms 
6G Bu m 62a Be m 
612 Au W | 611 Ag W 
SOI Au m 500 Ag s 
202 Bu vw,b | 500 Bg ms 
493 Bu w,b | 486 Ag ms 
487 Bu Vw 484 Bg W 
481 Au Vw 


eee ee ee ee ee ee 


* . . . . . 
Conductivity peak intensities fTrom fitted oseillator 
SUrene tn values in lables, 4.9 and 4.105 according (ox 
S,(x 10° em-2): Vwole Wie2- om 2—5-) ms 9-10" (s°10-20- vs-20 
"peeande "vb" deslenations are civen to bands with 
FWHM = 10-20 cm-1 and >20 cm-!, respectively. 


tApproximate intensities from conductivity spectrum of 
polycrystalline Ba(C103)9:H90. 


+Intensity estimated from c-polarized reflectance spectrum 
Of Gill Oy ace. 
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5) = 
bands at 965 cm (Ag) and 959 cm ! (Gsvea) men SS) The prox- 


3° 
imity of these V3 fundamental modes to the components of 
2V4 may cause some mixing of these crystal vibrations, via 
Fermi resonance. A medium intensity band, observed at 

950 a in the c-polarized reflection spectrum of the (110) 
Crystal @iace (lable 6.9), is assigned to the second Bu com— 
ponent of Va: However, this reflectance peak frequency 

is only a crude estimate of the true resonance frequency. 
Puncher work is required for a more accurare value et this 
V2 mode. 

region is believed to 
Hf 


The extra Au mode an the as 


be the very weak, broad feature at 940 cm. Table 6.9 
shows that the corresponding reflectance peak only shifted 
by 2 cmt in going from the hydrate to the deuterate crys- 
Calne sue Sesolo phat wns VibratloneinvolVves nes iio le 
water motion and is more likely due to 2V 4 OLytO -some 
higher order overtone or combination Lransition., The se- 
cond Au component of V3 is assigned to the weak conductiv- 
ity peak at 933 cm}, The weak Au mode at 925 cm~+ and 
the strong Bu mode at 912 em > are assigned to v,. The 
origin of the medium intensity Bu mode at 909 em7+ is dis- 
cussed below. 

A Factor group analysis, as performed in Section 0-71) 
Teeonly strictly valid for an ordered crystal. However, 
Ba (C10, )9*H50 contains oes, and aah in the natural abun— 
dance of 1:3. Thus, on average, the primitive uUnTt. cel 

a 


of Ba(C10,)5°H,0 contains one onley 7 ion and three 


319 


Bt? mene iw 
es Inert rns tach cotton # ean Seals! 
heii) one Ve coop aa am iets 040 Thr. eat ah” Le i 
oy att Haman sain ek igen <4 A kaa, gia ak 
nein?) Aiming eeeemaet ial atl ,raeawelt . rev es 
Henri) 270 qeeeee aera Bi) SO « ‘ues lOO abires s ete 


(a? > “ie @#@oeeee Sgr * —m “ilveeyTy at eaae 


ae 
eyi9 


at 
| a 


7 


te 


> a = 


= _ yy 
i Le TAL ys) ah i” ef? al «hom Us Ler iy aa? : 
| | _ 
ws “Viet ae i th GUT is somegd #pe4 yon 
. 
uF Nery ita © ib ire GM. Sane 4 Te WL? Po hl | etd ane ; a _ 
f- 


tare linvh ead 03: wiaihr® ot! wyst gnabg ge 


emg! ht HY Peo DO) enh giallii e709 We ine aotiom aes - 


aay" mie Hiet? omitekidtio, fc val + 97e"2 
(>) (ala Agee GD)? MONGians ©: 7 iA prerat a” 
lnjp i RO. oq Cote «)_268e Qt “22 eee ge n 
’ 
Yih 7 ‘i woe bung ines ote it ar] gié °n orm in i 
aph o) “Pa OM 66 oka wa yededetal abl bem. 


i A enlge® ol fad@ae’ 169 sa! where 


arbviveset. @i FaAITE®@ 5 ¢ Lid? Hi Ao Qgue alt? Ex 


a 


a 


320 


oo - . : 
C10. tons, Since the observed infrared conductivity 


and Raman peaks are relatively sharp, and exhibit a clear 
polarization dependence, this indicates that the perturba- 


. S7 = 
tion by the CLO ions is small, and the so-called vir- 


3 
tualeervscal nee apples2.€. the factor croup celec— 
tonnes sderived tor the pure crystal are: retained. 

We erlecu Ol an) 1sOu0pile AMmpurity one thescrysesa. va— 
DEatLVOnSs aS *suecinetly mesceribed by Rayleicn' s Principle a 
which states that the increase (decrease) of mass of any 
atom will lead to a new set of frequencies which are un- 
changed or decreased (increased) by an amount which is no 
greater than the interval to the next unperturbed fre- 
quency. 

There exist two types of mixed crystal systems. When 
the phonon frequencies are slightly shifted with respect 
to the pure cyystal frequencies, and this shitt is depen— 
dent vonsthe impurity concentration, the crystal ws reterred 
Fomas within the amalcamation Limit.) The Other extreme is 
a persistence type crystal in which the two constituents 
yield distinct absorption bands, whose frequencies are es- 


sentially independent of composition. These two mixed crys- 


tal types are schematically represented in Figure 6.3. 
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Amalgamation type Persistence type 


A 
‘B 
a yj e=s= k= &e ew @ = 
--- effect of heavy isotope USOTOpDICG frequencies “ofr A 
vigihe Wlaam lye ate 1 @is))) andaB eanewdiehine+t 


—— Duce CLVSCuaAL requencies 


PIcoube.Oeo Speci raimpenavior Of Aamaleamation— and 
persistence-type mixed crystals. 

Model calculations by Onodera and ficyeceva have 
shown that the most important parameter determining whether 
a mixed crystal belongs to the amalgamation or persistence 
type is the ratio of the frequency difference between the 
two constituents (A) and the width of the energy band 
spanned by the Davydov components (T). Figure 6.4 shows 
the boundary between these two crystal systems as a func- 
Llonworecompostuion. ror A/T values above the dashedy lune, 
two separate energy bands are predicted, whereas below this 
lime, the two bends unite to give a Single band, “since 
this calculated curve assumes a random distribution of im- 


purity atoms and an interaction energy which is only depen- 
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_ ren ioae Spltrines 


table: 6.19 Comparison of Calculated 
of C10, Ion Internal Modes in KC1O, (4) and 
Observed Frequency Range for these Vibrations 


in Ba(C10.),°H,O(T). 


Mode ACem7+) T(cm ~~) A/T 
V5 fERKS) 16 0.48 
Vo 4.8 IO 0.48 
Ye i Ee 2) 34 ORE 5) 
V4 ee 26 OOS 


* 
Reference 208 


B71 
2.0 
istence type 
persisten yp we 
0.5 
0.25 
amalgamation fype 
0.1 
100 5O OCs 
O 50 100 Ce 


composition 


Figure 6,4 Boundary of the amalgamation and persistence 
type systems. Redrawn from Reference EOE: 


Note that the A/T is plotted on a logarithmic scale. 


oe ~4e 
eis] 


dent on the relative position of the atoms, it should be 
generally applicable. 

im@ptablero wo, thewA/T ratio iS presented forethe var-— 
ious C10, 1One internal moges. of Ba(C10,)5°H,O. Tie. aso— 
topic = Gl ed splittings were obtained from Bates and 
a hdc eo normal coordinate calculations for KC10., and 


the width of the energy bands was taken from our internal 


C10, ion vibrational assignments, summarized in Table 6.17. 
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37 39 


HOGEaco!) 0 PeLCentecomposi tion of Clip AC le ep ie 


d 


3 


and UA crystal vibrations clearly lie within the amalgama- 


tion limit, while the ve and Vo vibrations are of interme- 


diate amalgamation-persistence character. Figure 6.5 shows 


the behaviour that might be expected for the ct and Vo vi- 


bracvrvonse a }band, ot sirequencies Slightly shitted to lower 
values with respect to the isotopically pure al Lattice, 
and one or more frequencies displaced out of this band. 
These discrete frequencies are referred to as localized 


: : oy 
modes and predominantly involve vibration of the C10. 


AKO} Ge It can be seen that the lowest frequency vibration of 


—— pure crystal frequencies 


= et heocusOuwenecay VacsSOCOpe 
LMpUn Gy 


—e— localized mode 


Figure 6.5 Expected behavior for a crystal of intermediate 
amalgamation-persistence character. 
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the energy band is shifted upward. This is due to the 


greater interaction of the impurity levels with the bottom 


: 207 : 
ore Thesimain band + thevisolaved mode may, therefore, ex-— 


hibit the same symmetry species as the lowest frequency 
Davydov component. 


IneBacc1o@ 


Boe tere 
the v, “°Cl0,” multiplet is the 912 cm? band of Bu sym- 


metry (Table 6.17). Based on the preceding discussion, the 


3)9°H,9, the lowest frequency component of 


Bu mode at 909 cm} is assigned to a v4 localized mode of 

of es 

C10. fon. |) ihe ©bServedsantlensity Lacie. Gi. the, bands au 

912 and 909 Gime ise lee Clables4e10)ee thus compares Wain 
oi) - aie 


aoc ledistripution of the ClO, and C10, ions in the 
Lattice. 
: . 130 - , : 
peecondince = TOLBeritener alk the Vo C10, ion vibra- 


tion also exhibited a resolvable isotope dependence; an Ag 
mode at 612 an in the Raman spectra of Ba(C10.)5*D50 was 
aSsSigned to Yo OF Ci Cae From Table 6.17, it can be seen 
that the Ag=mode asethe lowest frequency Vibration o& the 
Vo Mubtiplet. whieh is consistent with the assignment of 
thie stretching modes: 

This set of Assienments! for the ungerade modes of V4 
and V2 clearly disagree with the previous assignments of 
the associated gerade species (see Table 6.13). An alter- 
native explanation of the observed Raman bands is suggested 
below, which more reasonably accounts for the observed in- 


tensities, and which does not require an uUnuUsvaviy slearze 


TeovoOp.e splitting tor the Vy Vibration 
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It is proposed that the very weak Ag and Bg modes ob- 


30) 


served by Bertie ef. al: ateI66 ene are not Vo fundamen- 


tal modes. but are “due to 2V,- This suggests that the very 


strong Ag and Bg modes at 934 and 931 em + arise from Va: 


The Raman band at 934 cm? was assigned by Bertie et i 


to the As component of vy. because it was the most antence 


1 


Feature in the spectrum.) This type of empirical selection 


210 


rule is frequently used. However, Scheuermann and Schutte 


have cautioned that the Ag mode of v. can only be definite— 


a 


iy assigned 2s 1s both the most intense and nerrowest 
band in the Raman spectrum. In the case of Ba(C10.,)5°H.9, 
the Ag mode at 934 cna oe ne strongest Raman band, but 


the medium strength Ag mode at 918 Cee Ls, sharper... Lites: 
1 


’ 


jie escsiennenth Of the Ag and Be modes at 9s and 915 cm: 
respectively, to the symmetric Cl-O stretching vibration, 


ae isereasonables, “The particular merit Of this=reviused 


Jesteuienie ie. thnated t does Nou require any 1SOtOople "shitte. 


“15 em - for v,, when the calculated cites is only 


Tao oa! (Table. Galo. 


tiewassionment of Une C10, ion stretching modes in 


3)9°H_0 is summarized in Table 6.16, along with a 


suggested correspondence to previous infrared and Raman re- 


Ba(Cl0O 


sulTS. It should be noted when comparing these infrared 


frequencies that our values correspond to the conductivity 


; IGS 16) 
peak maxima, whereas those reported by Bertie et al. 


anomie 4 and Pepe iaee correspond to the transmission 


peak minima. For example, the very Strone COnducLiVvai ty 
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Table (6.16 


Present * 


Study 


Assignment of 


C10,- Ion Stretching Modes in 


Ba(C10,)5°H50 and Suggested Correspondence 


with Previous 


er 


Reference 130 


Ag 


Raman 


Bg 


Results 


Reference 204 


IR Raman Assignment 


GOS) O05 986 | 1008 o/c 
963 | 980 965 970 
959 959 965 
950T| 960 934 950 Ve 
933 931 935 
925 920 918 916 
v 
912 912 915 | 915 z 
909 eee 


Frequencies in cm Underlined frequencies correspond 
to modes whose previous assignment (see Table Cpls) snas 
been revised or made more definitive. 


* . . . . . 
Frequencies derived from combined KK / classical dispersion 
fitwo sangle crystal R(w) and € (Vv) spectra, 


“Conductivity peak frequencies for polycrystalline 
Ba(C10.)5:H5O. 


eenotar saad reflectance peak frequency for (110) crystal 
Lace, 
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peaks ac 963 and 059 emis appear to be at ~-980 cm-l! in the 
transmission spectra, whereas, the associated reflectance 


Maxima occur at 971 and 980 emt, respectively (Table 6.9). 


In the pan region, 4Bu + 3Au modes were observed in 
the conductivity spectra (Figure 4.13 and Table 6.14). this 
compares with 3Bu+ 3Au modes predicted by the factor group 


: : iS) ; ° 
analysis. » SeErtLere. a1 G assigned infrared transmission 


1 


peaks at 615 cm ~ (b-polarized) and 620 em > (ac-polarized) 


to the Au and Bu components respectively, of the symmetric 


C10, ion deformation, Vo: These values are in very good 


avreement with our observed conductivity peaks at 612 om? 


(b-polarized) and 616 em7+ (a'-polarized), thus confirming 


their earlier assignments. Bertie et Ble also ascribed 


AUTMoOdes |: 7506 “and 7465 ene: ands bie modes ab S04) and Sis i 


In this region, we ob- 
1 


to the Davydov components of ae 
served Au modes at 507 and 481 cm ° and Bu modes at 502, 


493 and 487 cm+. The assignment of the Bu modes is not 


ObVLOUSsy  Sance the 493 emt band is Uhesmost inverse vor 
GiemvuhreesbuUnVibravrons wt trlS ASST eneds vO eat AcuOL se roup 
component of we The 502 em71 band = ve ne closese sacrecment 
with Bertie et Siaaoe © reported frequency of 904 cin and 
is, therefore, also assigned to Va- The remaining Bu mode 
at 487 ene is most likely an overtone or combination band. 
In view of the devteration Shifts observed inthis frequency 
rane esee lables 6.0) sune a7 San band may arise from a 
combination of a water rotation and an acoustic vibration. 


Lara oe =] 
Such a transition should occur in the vicinity of 490 cm -. 
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Although acoustic modes have zero frequency under the fac- 
tor group approximation, they possess non-zero frequencies 


at the Brillouin zone boundary and may, therefore, partici- 


pate in combination modes. “+1 
The vibrational assignment of the C10," ion internal 
modes is summarized in Table 6.17. The gerade frequencies 


were obtained from the single crystal Raman measurements of 
Bertie et Ep ede but their assignments have been revised 
aceoreine to Table 6,16," The origin of the factor irony 
splitting is also shown schematically. 

In Table 6.18, the site frequencies for the internal 
C10, ion modes in Ba(C10.,)5*H5O are compared with the cor- 
responding values in aqueous solution and in crystalline 
NaCl, and KC10... The site frequencies were deduced from 
the average value of the observed Davydov components, al- 
though this procedure may not be valid if there is signifi- 
cant interaction between equivalent molecules in neighboring 
unit cells. It can be seen that for NaCl0. and KC10., aoe 
tOur Of the C10, ion modes resonate at higher frequency 
than in solution; whereas for Ba(C10.)5:H,0, the deforma- 
tion modes, Yo and Yar occur at higher frequencies and the 
stretching modes, v4 and Va, appear at lower frequencies. 


This difference in behaviour is most reasonably attributed 


to the presence of weak hydrogen bonding in Ba(C10.,)5°H,0. 
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Table G.l/f Site and Correlation Splitting of the Internal 


Chlorate Ion Modes in Ba(C10.,),°H O. Frequen- 


2 
; -1 
Cilés in ¢m ~, 

Free ion mode* Site statet KFaGCTOr 2roup 
(Co,,) (Cy) state (Cop) 
po (820 (Al) 

Nat U Aw) 933 7-—— 913( Ag) 

a ie 8 
ane eee ee hierar 


pos 2 (Bt) yt cl) 


— 909(Bu)v}(37C1) 


P—— 621 Be) 
tae Os 6 UU) 
—615(4) —€> 612(Au) 


Vo (Ag) FC) OS aaipeeemntedaceneiiamenainns 
== 611 (AZ) 


—965( Ag) 


| ~ 963 (Bu) 
B vege 

Vig ( ) —— eee oo GA) 

//,_ 959( Bg) 


ie 949(A)-— ee et (Bu) 


*\ 
\ 


\— 934( 4g) 
Veen eleven en) 
“— 931(Bg) 


pe 507 CA) 

ye — 002(Bu) 
fo, 5O0(Ag) 
S—— 500( Be) 
\——. 493 (Bu) 
\—-—- 486(Ag) 


i 484 (Bg) 
——— 481 (Att) 


v4 (E) 


* = . , . . 

Free C10, ion frequencies are aqueous solution values 
. v BAA 

from Reference 203. 


"site frequencies are the average value of the frequencies ori- 
ginating froma common site; in the case of the Emodes, the site 
splitting is not shown since there is no evidence for its 
magnitude, 


TReflectance peak frequency in c-polarized spectrum of 
(110) erystal face, 
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lagle oO. 16 "Comparison of Chlorate lon Vibrational @2£requen— 


les 1n AQucoussooluvion and in colle NaClO., 


KC10,, and Ba(C10,)5-H,0 


3 


ant + . 
Solution NaCl0, KC10,7 Ba(C10,)5:H,0 


7 933(A,) 936(A) 940(A') On7 (hy 

Vo 608(A,) 621(A) EVANS) 615(A) 
990(A') 

= O17 GE) O72 CE) ‘ 949(A) 
O87 CA |) 
490(A ) 

ey AT7TCE) A84(E) . 494(A) 
A85(A ) 


“Reference 203. 
TReferences 96 and 97. 


+Reference 99, 
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6.2c Lattice Vibrations Involving Ba2+ and Closes. Gnis 
a NE ee nn C1037 eons 


The external kR=0 optic modes of Ba(C10.,)5°H Oy rave ly 


2 


ing the Bac4 and C10. ions form the representation 
vAg + 6Au + 8Bg + 6Bu (Tables 6.4 and 6.5). Since symmetry 
permits these translational and rotational motions to con-— 
tribute to the same vibration, the observed crystal modes 
Gannotsbe described as pure translations or rotations. 
However, 25 a Tirst approximation, they can berassigneduas 
primarily sof translational or rotational “character. 

Che Slatticesyibratwons of -BaGeLo 


32 
viously assigned by Bertie et ce Because they were un- 


*H90 have been pre- 


able tosdetenmine the polarization behnaviors.o. the far— 
infrared or Raman bands, their assignments were largely 
based on the empirical prediction that the predominantly 
translational modes should be strong in the infrared and 
weak in the Raman, whereas the rotational vibrations should 
be strongein boths However,<a vibration involving a darge 
eomponent of rotablonvabout. the C10, 1ON —axise se whichweis 
Only Active through distortion OL the aon irom Co. symmetry, 
was expected to be weak in both types of spectra. Assign- 


ment of the predominantly C10. ion rotational modes was 


OF 
made by comparison with the reported spectra of Naclo. 


and KC10 ae This type of comparison is valid iif the erys- 


3) 
Paweterces are scimitar. Under this condition, the rova— 
Lvonsa leavibrations of the C105 ions Should appear at nearly 


the same frequencies since they depend on the moments of 


inertia which are only weakly influenced by the nature of 
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the cation; whereas the translational modes, whose inertial 
mass is the molecular mass, should exhibit strongly cation— 
dependent frequencies. The lattice mode frequencies and 


assignments for Naclo., KC10., and Ba(C10,)5°H O are sum- 


2 
mMarrzed in Table 6: 10" 


ines. Eriksson and Lindgren? repeated the far- 
infrared transmission measurements on polycrystalline 


Ba(C10.,)5:H,O at 298° K-and 100°K, Their results are com= 


pared with Bertie et Die. reported frequencies in Table 


6.20, and confirm these earlier values to be accurate to 


. -1 : : 
within 2 cm”. However, Eriksson and Lindgren observed an 


aaditional band at 75 eae which was discussed in Section 


Oeea, put did nob tind aeatures: correspondine to Bertie 


PeaieteS strong bands at 102 and 100 om? for a sample 


at 300°K. They tacitly accepted the lattice mode assign- 


ments of Bertie et Bal ee their only comment was that the 


one ecnupceda i em chat Get ore bots Deo wand Te 


Of sem 2 


Supstecuyion, trom which they concluded that some water mo— 
tionewas anvolved an uhe vibration: 

Table oo20nalso.l iste che fab intrared=s transmission 
frequencies reported by Lutz and poten for a polycrys— 
talline sample of Ba (C10, )5*H50 at. 20S taeand blO- halo ecan 
be seen that there are significant discrepancies with the 
results of Bertie et Sean and Eriksson and tannkeeou. 
Their c-polarized reflectance peak frequencies, measured 


for a single crystal sample at 298°K, are included in Table 


6.20. These authors did not attempt to assign the observed 
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Table 6.19 Previous Lattice Mode Assignments for NaCl0O., 


3° 


KC10 and Ba(C10.)5:+H5O 


BalGLo ye ssOr 
Nacl10,,* KC10..* Sirs 


Raman 


et. 
Wap \ VR 
eS 
~ eal 163 VR 
L5Z Peat vT 
142 144 VR 14] 141 
134 ] 136 £37 
Lae YR VR 
igepe f ea) 128 
124 =) 
TAS 
109 110 - 
108 UOT vp 
105 = 
95 95 = 
86 87 VR 2. an 
oo = 82 VR 
(23 = 7) 
65 y = si 
DG e - 50 


* . 
Assignments from Reference 99; measured frequencies at 


298°K for NaCl10, anda” K for KC10.. 


"Reference 130; measured frequencies at 90°K. 
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Table 6.20 Comparison of Infrared Lattice Mode Frequen- 


cies Previously Reported for Ba(C10,)5*H,0 


nnn TR 
1 


Reference 130 Reference 134 Reference 204 
300°K 90°K 298 °K TO 1 298 °K PLOeK 
iA) 184 176 184 170(165)* 179 
ISS) eda: Leo ey 2 EGO CLS.) 168 
148 oe 149 3 (143) 

136 141 139 I) 

134 USS) 134 SG PSliGChoz) 

L26 30 26 3:0 Pee) 124 
106 LTO LOT 109 

POZ 108 

100 105 100(100) 106 
96 95 95 One 89 91 

15 (DEES 


Frequencies in parentheses were obtained from c-polarized 
Feilectance spectrum of single crystal Ba(Cl0,)9-Ho0; the 
association With transmission peak frequencies is that of 
Reference 204. 


Helo = oo eto 0 rons 


: Oa. 
Figure 6.6 Equilibrium C103- ion geometry me 
Ba(C10,)5°H59. The projection on the (010) plane is shown. 
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frequencies to specific lattice modes. 

Our conduetivity peak frequencies, symmetries, and 
relative intensities for the (001) crystal face of 
Ba(C10.,)5-H,O in the region below 200 cm? are given in 
Tables ovel and compared with the Raman frequencies of 
Bertie et Saas A correspondence between the gerade and 
ungerade modes is also suggested. Although we accept the 
majority of the lattice mode assignments proposed by Bertie 
et pian there are a few exceptions, | The basis of «these 
revised assignments is discussed below. 


In the region below 200 om, we observed 4Au + 9Bu 


modes plus two bands of indeterminate polarization (Table 
6.21); this compares with an expected 6Au+ 6Bu infrared- 
active lavrice modes. ~Overtone or combination “Gransiuions 
are Lhe most Likely ‘oriein Of the extra Bu modes. The aact 
that too few Au modes were observed can be ascribed either 
foreccidental déseneracy, low intensivy, or te these modes 
occurring below 105 om, the lower trequency Limit ot our 
molarmized Single erystal data. 

AMeEcOrdine tO the AnLensivy predic. 1onS in Bertie 
et ne the translational and rotational vibrations 
should both absorb strongly im the intvared, with the “excep— 
tPiensorethe Ro motion of the C10, ion, For the free Ci0,= 
fon.) phe R> mode is inactive in both the infrared and Ra- 
man but in Ba(C10,)5°H,0, the Cy site symmetry permits this 


mode to gain intensity from mixing with other lATELCe. Va— 


brations. The influence of the crystal forces is apparent 
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Table 6.21 Assignment of Lattice Modes in Ba(C10.3)5:H,0 


and Suggested Correspondence with Raman Results 


Present Stuay Assignment 
Rx, Ry 
151 w 151 w ofe (105+52) 
142% yw 141 sh of/e (92452) 
130° W 30 ms LoVvoms 
131 ms 133 136 & 


* 
Frequencies obtained from combined KK/classical dispersion 


fiteilOooURC. and ee ()daua tor (O0l crystal faceso: 
Ba(C103)9+H50. 


tReference 130. 


+Conductivity peak frequencies for polycrystalline 
Ba(C103)9-H90. 


Values in parentheses are combinations of fundamental modes 
consistent with observed frequency. Underlined frequencies 
correspond to modes whose previous assignment (Table=6.19) 
has been revised. 
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irom the equilibrium geometry+°° Shown in Facure 17 7- 


Yo}_9 = 1-480, 1.483, and 1.493 A (40.004 A) and <0C10 = 
HOG G76 LOS.) and 107.1 1(40.2>). - Since the perturbation 
from Cay, SymMevry 2S only slight, the vibrational coup ling 


should be weak and the intensities should follow the pre- 


, ; 13 
GUuCuLONS Of Bertie (er. cn. ° From the lattice mode assign- 


ments of Naclo. and KC10., inpwlea b Ler6 29 sine R, mode in 
Ba(C10,)5°H,0 is expected in the vicinity of 80-90 em), 


Thus, very weak infrared features below 200 Cie Jobs sakes 


in the range 80-90 cm? Cane be reasonably attribuved 1¢ 


overtone or combination (o/c) modes. On this basis, the 


and the weak bands at 


Ou: on im Doth at her inirared s(Bul) and vamenceo spectra, 


very weak Bu transition at 142 ein 
ave=assigned 0): o/.extransit1ens,, sLentative explanations of 
these observed frequencies are presented in Table 6.21; a 
more definitive assignment requires a temperature-dependent 
Study 2of the anirared Gintensitres. 

Weak Raman bands at 117 and 119 etre were assigned by 
Bertie et Bae to rotational vibrations, “Since no asso— 
ciated infrared features were observed. However, we found 


1 


medium intensity conductivity peaks at 120 cm (Au) and 


114 Sue (Bu ae [Rpismour present belverwihate i hesepmodes 
are more likely due to translational vibrations. Table 
6.19 shows that none of the assigned rotational bands of 

-] 
NaClo. and KC10. are in close correspondence (<5 cm ~) with 
these peak frequencies for Ba (C10, )5°H50. Furthermore, 12 


the motions involved in the translations are primarily a 
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diatomic type oscillation of the cation and the C107 fey al 


and the intermolecular forces are similar in these chlorate 
crystals, then the relative order of the translational fre- 
quencies is approximately given by the ratio of their re- 
dueed masses, “7.2. 1,44(Na...C10,): 1,34(K---C10.,): 


1,00(Ba---C10,). The highest frequency translational modes 


9 = 
reported : ror NaClO. and KC10, are 133 anda o Fem te re- 


Suectively, which predicts that the assoctated mode for 


a 


Ba (C10, )5*H5O should appear at ~120 cm Which 1s consis— 


tent with our revised assignments. 


a 


It ais also proposed that. the Bu mede at 173 em and 


the Au mode at 160 em — (Table 6.21) are predominantly Rx 
eno hve vibrations sand thew shoulder (at. oo em7+ in the poly- 
crystalline Spectrum involves Re movion. “These assienments 
are based on the observed intensities, breadth, and temper- 
ature-dependent frequency shifts of these vibrations, as 
well as the equilibrium geometry of the C10. — ion in the 
3)9°H59 Lacrtice: 


Liresrelavionsiip of =the C10. 10on to the water mole— 


Bacelo 


elle in the unit cell as shown in Figure 6.6. It can be 
seen that the hydrogen atom of the water molecule is only 
1.99 A from the oxygen atom 0(2) of the chlorate jones 
Thicerovatvlonal mMovion of the C10, — ion will necessarily 
involve some component of O(2)---H stretching. Since the 
hydrogen bond is anharmonic, the chlorate rotational bands 


are expected to be broad and to display appreciable temper— 


ature-dependent frequency shifts. Table 6.20 shows that 
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initared: transmission bands’ at 175 and 165 om7? underwent 
the greatest temperature shift, Av/v, in going from 300 to 


GO5Ie"CO..05 and 0,036" respectively)... ‘Tables 4, oe and 4.10 
-1 


’ 


Show that in the lattice mode region below 200 cm the 


medium Anvensity conductivity peaks at 173 and 160 em7t 
have the largest band widths (FWHM=15 and 8.7 cm re- 
spectively) This) data supports an assignment of the: Bu 


1 


mode at 173 cm and the Au mode at 160 cm? to Rx and R 


v 
i 


motions of the C10. ion. The shoulder observed at 83 cm™ 
Piet Ne wecOnductivily Sspectrum=ot) polycrystalline Ba(C10,) 5 
-H,0, and the very weak Raman band at 82 emt reported by 
Bertie et nie. for a sample at 90°K, are ascribed to pre- 
dominantly Rz motion. It must be emphasized that these 
assignments are still tentative. Further work, in particu- 
lar temperature-dependence and isotopic substitution stu- 
dies, are required for unambiguous assignments. Our major 
contribution to the lattice mode assignment of Ba(C10.,)5 


-H,O has been to determine the symmetry of these vibrations; 


2 


this had not been previously possible by single crystal 


: : E30 
infrared transmission measurements. 


6.3 Dipole Moment Derivative Calculations 

Two of the principle reasons for studying infrared 
intensities are to compare the optical characteristics of 
molecules in different states and media and to obtain in- 
formation about intermolecular forces. In order to achieve 
meaningful results, the observed absorption intensities 


must be corrected for the change in the macroscopic electric 
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field strength as it enters the dielectric material and 
for the local electrostatic inductive effect of surrounding 


20213 


molecules. In the case of infrared intensities de— 


rived from imaginary dielectric constant spectra, only the 
focal field correction is required, since the change in 
field strength has already been accounted for. 

To correct for these effects, a microscopic model for 
the absorption process must be assumed. Lips sCOMmmMon Lo 
use a damped harmonic G@seillator model for the shape of 
the absorption band and a Horentz local field (equation 
li-55])) for the internal field posse tea. As indicated 
Pipoecection 17 ld =the forentZ local Gacld as only istriculy 
applicable to molecules located on Sites of tetrahedral 
Or higher symmetry. For molecules on crystal sites of lo- 
wer symmetry, the local field must be evaluated from the 
lattice sums and atomic Dole rire pilariees © This stype ot 
Calculation ws) a Major underlaking —1tOr ea, Complex monociana¢c 
ervcval such as Ba(C10,)5°H,0 and, therefore, the Lorentz 
locate tield approximation wasiused.. Once these models jane 
chosen, the band features (shape, position, and intensity) 
only depend on the dipole moment derivative, 0u/9Q;, the 
resonance frequency, Vas and: tne» Ia hetime Of tie wstaues 
ole which are the parameters used to interpret gas-phase 


Sees aS However, it should be emphasized that the op-— 


tical parameters derived for condensed phases are model- 


dependent. 
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In Section 4.3, the oscillator strengths De TOT the 
fundamental vibrations of Ba(C10.)5+H50 were determined 
from e'(v) by a classical damped oscillator model. The 
values of the associated dipole derivatives with respect 
to the crystal normal coordinates, a7 eQ,, are calculated 


by rearrangement of equation [1.56]: 


Ou ° mee 
a = S, = eran 
J NF. 
J 
where N = number Of primitive unit cells/em™ 
c = speed of light in vacuum 
Be = LOrent za ocal Led. Ce, t2)/3. 


For DFeVity, uf oQ. is termed the crystal dipole deriva- 

tive. Similarly, the dipole moment derivatives with re- 

spect to the molecular normal coordinates are referred to 
as molecular dipole derivatives. 


Although e, is frequently set equal to the sodium 


b 


Doline= value of © (y))==ctrictly speaking” “Ht as" the real 
dielectric constant due to all vibratious, excluding the 


CneroMmeinvercst es IneUhis study: Ee, was obtained from the 


background level of © (v), to high frequency of the given 
band. The accuracy of ED is estimated to be +0.05 which, 


for Ee, = 2.5, results in an uncertainty of ~1% in the com- 


puted dp/3Q value. Crystal data relevant to the dipole 
moment derivative calculations for Ba (C10. )5:H,0 are given 


in Table 6.22. The number Of primitive unit cells per cm > 


ie a ts: o Waele Table 6.23 lists the resonance frequen- 
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Tackle 6722" Crystal Datal Used in Dipole Moment Deriva- 


Live salou la arons. Lor Ba(C10. )4+H59 


a a 
LL 


Temperature = 298°K 


HOM e = le Ons @ 
r(CO=-H) = 0.958 A 


Body-centered cell 


a= 8,016 A bia 7 Soon Com ee Os IN B= 93.65° 
656.8 x 10-24 cm3 


<a 
II 


Pramicvive cell 


Lise 
(2) 
Ness =e unit cells/em 


Table 6.23 Crystal Dipole Moment Derivatives of whe —Inver— 


“Oo ae BL 
nal Water Modes in Ba(C10,)5°H,0 Ci ann as) 


Molecular 
Mode 


*component along a -axis 
Tep estimated to be accurate to £0509 
+1 pA-l amu-# = 1.2886 x 10-2 em?/ s-l 
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cies, oscillator strengths, background dielectric con-— 
stants, and crystal dipole derivatives of the internal 
water modes. The values of oO are reported 2n Units 
ee bear 2 where one Debye, 1D, equals Mey: ecishieeor. 
Since the measured intensity is proportional to Cweo) 
only the magnitude of 93u/3Q could be determined. 


The moteculer normale coordinates q, are related to 


the erystal normal coordinates Os by 


Po [6.2] 


wienmes the ierystal eacscenvector matrix L° is obtained from a 


lavtvice dynamies ‘calculation. The transformavion of vari— 


ables from 0u/9Q to dp/oq is performed via: 


2, 
du Sao silk 3u 


= y Lous] 
ak J 


S 
aa "ik 


—= =f 

a0) ie 
where the vector sums extend over all the i equivalent 
Sibeswin the crystal and the k molecular modes. jin wa— 
Voravblenmcaces,, 2 crystal normal coordinate only involves 
one type of molecular motion, and equation [6.3] simpli- 
Le Sect Or. 

- 0 ee ee , : 

a i 9dik ib as 
which implies that the crystal normal coordinates are sym- 


metrized unit-cell coordinates. This approximation is 


14 
referred to as the Oriented Gas Model and is frequently 
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employed in the interpretation of infrared and Raman in- 
tensity data. The eigenvector elements bask are then sim- 
ply obtained by standard projection operator methods. 

the crystal eigenvector matrix L° is not known for 
Ba(C10,)5°H,0, So the transformation to 9u/9q values is 
restricted to crystal modes involving predominantly one 


Typo OL molecular motions ahis Condition 1S approximately 


satisfied by the v4 (Au), Vo (Au) and vg (Bu) modes of HO 


3 


Intramolecular mode mixing is not expected for the in- 


and the Vo (Au) mode of C10 cONe 

FeELnam water Viorabloncnot Ba(C10.)5+H50 which are either 
well-separated in frequency, or of different symmetry type. 
Figure 1.7 shows that the H-O-H planes of the water mole- 
cules in the unit cell are parallel and, under the orien- 
ted gas model, the crystal dipole moment derivative of the 
internal water modes is predicted to be either parallel to 


=Axis) (AU) sorsperpendtcular to 1b (Bu). The wryctal 
(k) 
J 

Mat cOoordinaves dj, are: 


the Co 


normal coordinates Q constructed from the molecular nor- 


Qa Ss Coe coi 
a == (yp ~ Gop) [6.5] 
a i (4,3 - 423? 

where the interchange group is Ci. This gives the simple 


result that au/ oq = UR au/dQ,. 
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Since the molecular dipole derivatives depend upon the 
particular isotopic species, it has been common practice to 
convert these values to dipole derivatives with respect to 
PiCeiirer nal —COOrTCd Mates Ra. | Under the Born Oppenheimer 
approximation, the on/ oR, acre ASovopical ly invariant.?-° 
AD IN CermMediate Step in this conversion: process 1s. the cal— 
culation of dipole moment derivatives with respect to sym- 
metry coordinates, ou/35.. The Ss are COnstrLucved: trom 
SeUs Of ecquivalenm internal coordinates by the: use, Of pro— 
VeCuULon Operators. The transTormation to ubponds) parame lers 
requires knowledge of the molecular eigenvector matrix L 


LOocmannie norma» Vibrations and sa.Moder tom the Mo1recular cda— 


pole. The eigenvectors he relate the symmetry coordinates 


lke? 


Ss to the molecular normal coordinates che View tie matrix 


: FAAS) 
equation 
Seer. 0s, [GG 
and are available from a normal coordinate analysis. A 


frequently used model for the molecular dipole is the bond 


BD esi This assumes thay the total 


moment approximation. 
dipole moment change during a molecular VibtLabvonwise bhic 
vector sum of the dipole derivatives with respect to the 


internal displacement coordinates Bee A mathematical for- 


mulation of the bond moment model is: 
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The general procedure for transforming crystal dipole 
derivatives to symmetry coordinate dipole derivatives is 
schematically outlined in Table 6.24; at each State sl tes 
illustrated for the internal water modes of Ba(C10.)5°H50. 
The L matrix was obtained from the force constant calcula- 
tions of Bertie et ae 

The amnbLeul ty an! Sionot du/ 9d), Pesults im 2. date 
PEC SOlUL TONS fOr ap/ 9S, , where n is the number of nor- 
mal coordinates A, which belong to the same irreducible 
Fepuesentavion as S5- Thus, a wide range of dp / 9S. values 
are possible unless n is a very small number or the normal 
coordinate is dominated by one term (e.g. in hydrogen vi- 
DEACLOUS) a nl ables, 25,8bhe Various lenecombinataons 
Of on / eq, and the corresponding op/ oS, values are tabulated 
for wane Anternal. warvereamodes of Ba(C10,)5:H,0. For du/3d,, 
n=1, and the magnitude of dp/ 3S. is unambiguously deter- 
mined as Dee However, this only represents the com- 
ponent of dy/aS, along the an Axi Seu ner apolar ized. an— 
frared reflectance work is required on a crystal face con-— 
taining the C-axis in order vo complevely tdevermine whe or— 
ientation and magnitude of dp/ 95... On the other .hand, the 
complete vector properties of du/ oS, and dn/ 855 are given 
by the b-polarized reflectance measurements. 

The symmetry coordinates for the water vibrations of 


Ba(C10 ‘H,O are defined in Table 6.24. The bond moment 
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approximation gives the following relationship between the 


oat 


= es 


a 1d .ogeoe Hie Te shes. ote? tt Seekiaie 4 

Ott oi pata iak te weham Swtey lanvesol aay Fors 

<pfiretho TA tnt. COANE? Sort ee 

CT ie se gr taal Io wankt © 

4 Vw @tintes gi? a sis Grice We vituatone oT 7 ; 
Ana te Voudun oft Gh B Siwy » »ot yt a9% eaptzulog sne% 

Th et ; aad OAT OF -Welyt dorm wD eotenitioor fag 

aa oo) “eater URED © IND 6 ae lai 

= 1 at a engiay aiditeugq mas 


. yoda itt : . ae °S= ve) 4 bueh e: ienth10g9 
Avlediatin: Cele shetty tft cC,.0 «feat at coattenh. 


beng oil YS a ThA ee 375 off tas es: sh 


js : 1 r4 ’ ¢ ( ‘as ue fpotores wad a 7 


ree Neh ii ial RGR ot, gg ey Vie Sepa en? bra + 
' 
oy, Ua? chegeeaath gino aie? , eeeead . ee 


: : i, 7 
uy con) 100 eet. plow,“ add packs GA\ee Bee oy 


tee ‘a i) fie Leary yaryi irs Fr @€ivce en Pe Hf 
y, Mides) Lire hae AT 4876 51 anne 9 
caddie AAW ay gh 74 wedi) Doe ae Laend 


7 as >. 
rol¢a Gta ye" ,0 eer eels Ve rk requ 7G 4 at 
Pr. 


Salvi.“ oceania bani 
TPNH LAAIDY Wakes ge To 
Ae 


nd) dwow 0, Gane, 


ae 


tsi) bad “elt 


7 
: oo 


347 


Table 6.24 Transformation of Dipole Moment Derivatives 
from Crystalis Normale Coordinates tow lnverna. 
Symmetry Coordinates and Application to the 


Water Modes of Ba(C10,)5+H,0 


Procedure Applied to Ba(C10, )5+H.0 


+|du/2Q, | +] ou/2Q, | in) Table 6.23 


oriented gas model 


ou al OU 
| EI a 2a, = Wier 
H,_. ) He 
Define internal coordinates 1 
Ar, Aro 
O RR. = Ar 
i 
med ieee ig, = ai 
Define symmetry coordinates R. = AG 
S, = aloe ee) 
it D a 2 
S5 =r A 86 
Obtain eigenvector matrix 
L from normal coordinate g = tie Sie) 
Tealeulataons. —where 3. 2 1 2 
: = E q a] a2 q3 
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Table 6.25 Dipole Moment Derivatives with Respect to Sym- 


metry Coordinates for the Internal Water Modes 


: 9—] 
On Ba(C10,)5°H50 (ln sDiAw se .) 


SOLU Lon 
No. 


* 
eomponent along a —axis. 


table 6.26) Caleulated Values sor say/or andyou/ ee for 


Internal Water Modes in Ba(C10.,)5+H,0 


ta ead 


+2, 14 -0.59 
-2.33 TO2 Do 
-2.14 -0.47 
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Symmetry coordinate dipole derivatives and the bond moment 


derivatives dy/or and 3u/36: 


OU = Ou a) 

a = ieie 2 e085 

ee] e.g | 

| 9S, ros 

oe |e 8 

Eee V | =| sin > [6.8] 


Where 15 the equillwbrium OR distance and Gis the equili— 
brium HOH angele (from Fable,6.22). four Gitierent values 
of dy/ar and du/36 were computed for Ba(C103)5°H,9, cor- 


mesponding to the ditierent Solutions for u/¢es.. and dn/dS6 


i 


iL 
Huelable: 6.20. the average machitucessare 202 3e-90. 10 phe 


and 0.51 +0.04D, respectively. 

In the preceding calculations, we have used a zZero- 
order bond moment jepnornmeinem OS" peenw that, bherdipole 
moment Of a@ given bond is not sifected by changes in other 
bonds or bond angles during the molecular vibration. This 
requires that the bond moment derivatives be the same for 
vibrations of dititerentesymmetry type. “For some compounds, 
Aung HoO vapor and benzene, this level of approximation has 


BEE Therefore, it is nece- 


been shown to be inadequate. 
ssary to check the validity of this model in describing the 
internal water modes of Ba (C10. )5*H59 before discussing the 
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The polarized infrared reflection measurements on the 
(001) crystal face gave us the projection of the Vx (Bu) 
mode along the a'-axis. If the angle between a’ and the 
V2 transition moment is denoted A, then the observed sym- 
metry coordinate dipole derivative, on/ oa) ee (9u/ 953) 044 
cos A, where (3u/9S.).., is given by equation [6.8]. Under 
the assumption that Oy on, is the same for v, (Au) and 


Oe eee 


Pe GeW)5 1 Cen 35) 44 = 260 2 O12 DAS 
agrees with the value of 37° expected for du/ 3S, oriented 
elong the HOH plane Csee Figure 6.2), and supports the vali— 
dity of the bond moment model. 

It is of interest to compare our bond moment deriva- 
tives with those obtained for water vibrations in the 
anor Oo Wiguid, 2" and ae phases. Literature values 
of Ghe= integrated absorption intensities tor these modes in 
the various phases are reported in Table 6.27, where A 


corresponds oe a 


a nS 
A; = CL ag gn “r dv [6.9] 
/ band 2 
and Cr= Con cenvrar ron an moles/em™ 
Q = path length in cm 
I, ="inecident intensity 


transmitted intensity. 


This can also be expressed in terms of the absorption co- 


efficient, a(v), given in equation (am ae ers 
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Table 6.27 Literature Values of Integrated Absorption 
Invensities for HO Vibrations an the Gas. 


Liquid and Solid Phases (in ibe cm/mmol1e ) 


A* (corrected) 


* 
Corrected integrated absorbance given by equation [6.13], 
where n=1.383. 


Table 6.28 Calculated Molecular Dipole Derivatives for HO 


Vapor and Comparison with Stark Measured Values 


Suark effectt 
dyu/ aq 
(D) (DA~tamu-’) 


Im. absSorpii0en 


du/ oq 
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Mode 
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A. = ener ; a(v)dv. [6x0] 
Table 6.27 shows that the infrared intensity of the O-H 
stretching vibration increases many times in going from the 
gas to liquid to ice, while the intensity of the bending 
Viprerlonr decreases slightly 7 rome Cas (Lol liquldes | vhieeen— 
hancement in the anirared intensity of en A-H Stretchins 
moaes Upon condensation. 1s 2 Characterictic 1teaLure OF 
hydrogen-bonded systems. 729 


The relationship between the integrated intensity of a 


fundamental absorption band and the molecular dipole moment 


derivative in an isotropic medium eect 
tes one eae (2) a (2) : [6.11] 
a hee Sere 1 
where n, = refractive andex av frequency v5 
FE; = lOcaI= freld correct von factor 
as degeneracy of the transition 
ie adSOrpULOn frequency 
ees Harmonie i requency 
Ny = Avogadro's number 
c = speed of light in vacuum. 
This equation is applicable to molecules in any phase. If 


the Lorentz local field is assumed and the solution 16 7di— 


lmte-=this*reduces to 
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where n = refractive: index of the ‘solvent or host 


medium. 


The term COD ON I Bepaeke en [6.12] is referred to as the 
Polo-Wilson correction, -7° and simultaneously accounts for 
the local field effect and the change in macroscopic field 
Strength. Since our oscillator strengths were derived from 


the area under the conductivity peaks (coc =nky), the correc— 

t10n Tor field “strength has already been implicitly made. 
In Table 6.27, the corrected) absorption antensities 

for the internal water modes in the liquid and ice phases 


are also listed where 


2 
N,T 
b We 
Fi Se 9n = i. (=) A G ) feria] 
(n24+2)2 eal SC ay 
and n was taken as 1.33. The degeneracy, g.> in tones scase, 
Losec y. = Many: AtiwNewa Pe have equated Ws to Vio ut 


LOorecre highly anharmonic. waLrer Vibrations,” the correct 


expression [6.13] should be used. Table 6.28 presents the 


ti peravure vettees 


Oot op» and Y Lor H,0 Vapor, and the 
corresponding molecular dipole moment derivatives, calcu- 
lated from the absorption intensities via equation [6.13]. 
For comparison, the values obtained from Stark effect mea- 


24225 


surements are also given. These were reported for 


dimensionless normal coordinates, in Debye units, so it 
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was necessary to multiply these values by 21rv¥cuw/h , 


where h=Planck"s constant, to convert them to the more 


a=] _ ; 
usual DA amu ce It can be seen that the two 


tole 


sets of experimental results are in very close agreement 


by 


Withe the largest discrepancy cecurring for the v. mode. 


2 
Pr eeheVanharcmonic correctron. vi /w, is assumed to be the 
same for the vapor, “Liquid and solid phases, then the mag-— 


Hitude oT ou/ oq, im phasewqws simply eiven by: 


aL 


a corr 
du Sif ep) du 
oq. Corr oq. ene 
i Ax sl 
ol) i(gas) gas 


Jae eSiens Of ou/3q; were chosen to correspond with the 


pLark Lesults Of aClougheer Mineo and Flaud and Camy- 


Dees oe 

Serone Overlap Of othe eT and V9 modes in both liquid 
water and ice prevented resolution of their separate band 
ibewskteres. Chis. only che sum oLethe ws quares o2 du/9qy 
and au/ 3d, could be determined. These-molecular dipole 
derivatives are reported in Table 6.29. The bond moment 
derivatives, du/or and 9u/36, calculated under the zero- 
Order bond moment approximation, “arey also given. The 
eigenvector matrix L used an this conversion was taken 
from the normal coordinate analysis of water vapor by l. 
Vai cae Comparison with our results Tor the vinternal 


water modes of Ba(C10,)5*H59 shows that the magnitude of 


dp/ar is in closest correspondence with the value for li- 


quid water. 
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Table 6.29 Comparison of Molecular Dipole and Bond Moment 


Derivata ves of H,O Internal Modes in Different 


Substances 
H,O Phase (mode(s)) du/ aq | du/ or | | au/ae| 
(D&-tamu7!/2) ey noe (D) 
TESLA a 0.77 0.82+0.03 
(vo) e255 
Laquad ve) AS 
(v5) 1 Ue oi 10) OF (220.1 
ice (vi, tv9) Ooo Sane = 
Ba (C10. )5+H,0 (v,) BG llk yl 
(vy) 40.82 Or osOn lO, (Oo eon Oe 


* 
Qucobedserrors replect uncertainty in sien Of of /-or. 


Table 6.30 Crystal Dipole Moment Derivatives of the Exter- 


nal Water Modes in Ba (C103) 5*H59 (pA? aa 


Molecular | Crystal basi oe a : lau/aQ| 
Mode Mode (em-+ ) (x10~em==) Ey, = 
Rx Bu 487 O, 206" 2150 One oe 
Ry Bu 404 oh, LON 250 1.64" 
Rz Au 388 0.063 2.90 0.19 
Tz Au 230 120 2.90 0.83 
Ty Bu 210 Or sis ® 2.50 OSs 
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the dipole moment derivatives with respect to the crys-— 
tal normal coordinates have also been computed for the ex- 
ternal water modes of Ba(C10.,)5:H,0. These values are 
Tisved in Table 6.30, alone with the measured transition 
strengths (Tables 4.9 and 4.10), and estimated background 
Gdtelectric constants (trom Fagcures 4..9 and 4.12). further 
data reduction to molecular coordinates is not possible 
Without the crystal eigenvector matrix. It was previously 
shown in Section 6.2a that the oriented gas model failed to 
describe the observed iantvensity and polarizavion behavior 
of the rocking and wagging motions. Since the lattice modes 
are close in frequency, they are undoubtedly of mixed char- 
aC ele 

The crystal dipole moment derivatives were also calcu- 
dated tor the internal chlorate ion modes of Ba(C10.)5:H,0. 
These results, as well as the experimental o5 and Ey values, 
are presented am Table 6.31, Agains transformation of the 
au/aQ's to bond moment derivatives is not feasible until the 
Bu crystal modes are fully determined and the crystal and 
molecular eigenvector matrices are obtained from a normal 
Goordinate analysis, “However, 1t is expected Chat the crys— 
tal modes at 612 aa ON and 616 cum (Ban which are well- 
separated (>100 em71) from the other bands, approximately 
correspond with the symmetrized unit-cell modes involving 


Vo molecular motion. The crystal normal coordinates are 


then given by: 
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Table 6.31 Crystal Dipole Moment Derivatives of the 


Internal Chlorate Ion Modes in Ba(C10,)5+H,O 
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Molecular Crystal v S e Payee ola 
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* . 
Component along a —axis. 


Tey estimated to be accurate to £000. 


Tyalues of du/3Q reported in ail 30> aan (in parentheses) 


357 


_ 


Oi af cede 


> 
LF a — 
9 => eee Gee OS : — 
Wisti . 
¢ ue (tran i iia 
co}. eer _ \wb.8 i 
i: «= RLS avey 
ee ny 1% be f 
144e ; Vite! 
cy “_ & 
i 7 
pA »nP 
a j 
a es ee! 
1 inics),at 


bore- ‘ar gneta, heme 
—~ 7 
Wie mm Gtasnncasa Of @ no Seed 7 

' waa a4 af 


16 
itianyet) 012 Hie * Fe 4, te (oget BiQes 


Sein = lay Glee thao 
(Sore 
8Bu =F (419 - Igo - 439 * Igo) 
Figure 6.1 defines the relationship between the C10, ion 
sites in the unit cell and the crystal symmetry elements. 
Under the oriented gas model, the crystal dipole mo- 


ment derivative ie: 


U5 OU 
50 | 2 aa cos 0 6.16] 


where 8 is the angle between the molecular transition mo- 


Mentaand the Crystal saxiseditrection a lone whiten the ined — 


dent radiation is polarized, ~ For the Vo C10, ion vibra- 
T1100 the Transition moment lies alongs the bisector of the 
C10, pyramid. From the Ba(C10.)5:H,9 crystal structure, 2° 
the darection CoOsines or this vector, denoved 8 m, and nn. 
With reference to the a , b, and ¢ crystal axes, respect— 
Ve ved er 

= 0.726 m= 0.672 n=0.145 LG xle7. 


Thus the bisector ef the C10 
L 


a ion pyramid makes an angle 


te cos (0026) =e a bh te ey eaxioeand 
eco a (One7 2) ese Wiehe Lhe p-exi sc. olbstmiuLTone on 
these direction cosines into equation [6.16], along with 


the sesociated crystal dipole derivatives irom Table 6G oi, 


gives: 
oe py talk eye eo precio cane |) (ise ace 
dQ dq 
3 = 2 a oles ids eS Mees pe aa [6.19] 


Solution of equation [6.18] gives a |au/aq| of 
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68.1 em>/ S , whereas equation [6.19] gives a value of 


lee em?! * Sure According to the oriented gas model, 
|3u/3q| should be the same for the Au and Bu factor group 
components of Vo: The failure of this prediction eugccesrs 
that the neglected intermolecular interactions are impor-— 
tant. “A more accurate Gescription of the observed mult i— 
Dlet Intensity Lor the Vo C10. ion mode requires the 
erystal eigenvector matrix. However, the oriented gas ap- 
proximation gives a reasonable estimate of 31/246 as 


3/2 .-1 1 


60+8 ecm COLT 7 ee OnLOmDeAn amin). 


IG ais of anterest, Go compare this = result with those 
previously obtained from infrared intensity studies on 


GLOL) cone In Table 6Gs32. the chlorate 10m dipolesderiva— 


96,97, 227 DOF 
he ie 


To iilustrate the seli—con— 


tives are reported for NaClO 


C10, in KBr Reiilere ea 4 
Sistency of & particular method, two independent serps on 
dufeq values are quoted for both NaClO. and C10, — TO RIB ae 
The first set of dy/eq values are from the normal in- 
cidence infrared reflectance measurements on single crys- 


96 
tal NaClO, by Andermann and Dows. The transition 
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strengths were computed from the KK-derived optical con- 


Staulvs, Via 

a : ee ve 
S. = ms ff paemeiay) Clase. : 
Ac discussed in Section 1.4, these authors report crro- 


neous values of 3u/3q because of an incorrect evaluation 


of the lattice sums. The correct procedure for calcula- 
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Table 6.32 Comparison of Chlorate Ion Dipole Derivatives 


Calculated for Nacio RBCLO> “and ClO. sin ker 


om 3 S 
S a 
CeIe = 


a 
938 


615 


SMO, alla HeEhe 


Ret. Rete, 
222 228 


+ i 
NaciO7 = Rbelo., 


Ref. 
22 


* 
Rrequencies, are from Rererence 223° 


Calculated from infrared reflectance measured values of 
Soaviea equa rtonc | owlimands | 6. VO) -mceemucxu. 


eri od from dipolar lattice theory sand measured 
Raman Spectra. 


*Calculated from infrared absorbance via equation [6.12] 
Andean KBr) = lno00; 


360 


‘ q 7 i Se 
uf swt | - j Tat tee pS 
agi ae a ee at ah eety! 
= Sea oo _ = ea - id 
ji DSP | ne ie, + 71 Osi 


| a oo! {OT Iss aa 


) 
ie Seale? hongnnig evgtenel Pay teruntt a! wert? 
ter Gee TERM ote [1,0] sco lppe aay 
“> 


: 
F 15 GAO Miron oot Ses anionevpest.” ” 


o vanest Ang» i reg §,\ pe P<! an felogib poe) sero 
8 Taege “ead, 


1Sf..b, (neh ieipe 0) sgukiipgets bazar tee neva ts maa ind 
0: Cots Sita® 
7 


361 


ting the molecular dipole moment derivatives of NaCl0. 


from the measured Sj is *deseribed by Decius and Hexter, 1° 
end sibasically follows equations [6.1] and [6.16] of this 
thesis. Equation [6.16] is appropriate under the oriented 


eas) approximation since NaClo. contains 4 equivalent mole- 


CuUpeS Sine the sunt cen, Other data relevant to the cal— 
Cudvat von sot ou/9q; LOG NaClo., avec) erie C10, One. ace 

: Ol ae : a0 
located onisites of Ce Symmetry, ii) the unit cell edge 


PSO. o (06 A-Siiah)sthesNa=)eline value?° Oranwaice leone a aC 
iv) theslborentz localwizeld twas used. 
Hartwig, Rousseau, and Porto”! also recorded the re- 


flectance spectrum of NaCl10O but determined the transi- 


3° 
tLionsstrengths via ia classical dispersion analysis (equa 
taony Vike Ol )s. This S5 dataswas converted) te molecular. d1— 
pole moment derivatives in the manner outlined above. The 
derived du/d3q values are listed in Table 6.32 and exhibit 
fairly good agreement with the results of Andermann and 
heveas: The values of 3n/9q obtained from a dipolar coup- 
ed 


ling model for the py. sand Ve modes of Nacl0o. and RbC10 


1 S 


single crystal havevaliso been included an Table 6.327 

These quantities were recently calculated by R. Rrechoot 
trom the observed vibrational multiplets structure, in the 
Raman spectra, and the local field correction was rigorous- 


ly determined from the lattice sums and atomic polarizabil- 


ities. Thus, the agreement with the infrared reflectance 
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results is Significantyand andicates that the Lorentz local 
field is a reasonable approximation and that dipole-dipole 
iMveraction i1s\ the primary source of the ee ENC OpE Gereeyse) 
Splines in NaClO.. 
Injthe last two columis of Tablé 6.32), chlorate aon 
dipele derivatives are reported for infrared absorption in- 
tensity measurements on pressed pellets of freeze-dried 
KC10. ine kKbrw) Lhasimethodswassadopted boul byekrynauyeand 
Sehmnpes-— ani SH ast te aac! Pomlenpers a —— The observed inte- 
grated intensities were converted to molecular dipole deri- 
VetiVes Viaweqiatvonm os 2, eee us bron Or eee equal to 
Ieooge sand Setting Vi /w; equally tO luni ty.) eLnuSe stechnigue 
PeOUUCcCed erat! Vy sreproduicd) lesreswit sy mexceple Lor Ve where 
the discrepancy iso wuhervorder of 40... “Comparison swi ou 
phe copresponding a/sq vaiues for NaClO. and RbC1O. shows 
Substantial disagreement, perhaps indicating that the local 
field experienced in single crystal Nacl0. and RbC10. ales: 
Giiberent 1rom thar Gn powdered KC10.. 
Sy aa 


for Ba(C10.,)5°H50 


Our valve son du/9d5 = 6048 cm 
is in fair agreement with “the range Of values reported for 


Nac10, (70-74 one ay This experimental result supports 


3 
the oriented gas model as a useful first approximation iOxre 


obtaining molecular parameters. A more definitive evalu- 


ation of these fundamental quantities awaits a complicated 


normal coordinate analysis. 
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CHAPTEROVI.. 
CONCLUS ION 


To summarize, the frequencies and symmetries of the 


-Undamental vibrations of erystalline BaGclo *H59 have 


3) 9 
been determined (Section 6.2) from polarized infrared re- 
flectance measurements, at near-normal incidence (Section 
So) a lhe OprLical and duebectric constants tom this re— 
gion (Section 4.2) were obtained from a Kramers-Kronig 
Analysis Of the reflectances data (Section 451). 

The experimental errors influencing the measured re- 
flectance were studied in detail and, where possible, were 
Minima zed sand /or corrected tor (Section o.1). This proce— 
dure gave excellent reproducibility and accuracy. In the 
mid—initrared region, the overall reproducibility or the 
39° H_0 rer lectance was 8% of the value, resulting. in 


aesimimlar error inpthe derivea dielectric constanius Coec— 


Ba Ce1O 


DOT ooo). 

The polLarazavvon results. Largely .contirm earl very i— 
brational assignments of Ba (C10, )5°H50. In the case of the 
water librations, the observation of a weak Au mode at 
388 cm, previously Unreported, eGnabled the rocking. Uwis— 
fine, end waececine Motions to be assigned to inirared bands 
at 454(Bu), 388(Au), and 404(Bu) din respectively (Sec- 
tion 6.2a). The near-degeneracy of the wagging and twisting 
frequencies is in agreement with the deuteron magnetic reso- 


Hance Gata o1 Cea and with the model calculations of 
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Eriksson and Lindgren for a water molecule in a trigonal 
environment. The relative intensities and polarization be- 
havior of these vibrations suggest that the rocking and 


wagging motions are mixed. 


The number and symmetry species of the crystal modes 
eee C10. stretching region (~900-1000 em) and ine the 
tatcace mode region (~ 1002400 cae have also been deter- 
Mamed (Sections 6. 2b and 6.2c). This antormation was not 


available Tiron ian introrecdayvransmissi on studyveom since 


erysta | Ba(C10.,)5°H50 by Bertie et ey because accom- 


panying high reflectivity caused severe band distortion and 
confused the assignments. On the basis of our infrared 
polarization results, a reassignment of the gerade compo- 


nents of the v, and v, vibrations of C10, is proposed 


which, unlike previous woe does not invoke an unusually 


VWarce isotopic Shitty Oo ilo em + for the V4 modes of 


BN5) _ oO” - 
C10, and C10. ; 


i (Seetion, 6.725) 2 


when the calculated shift is only 
pS ome 

The observed reflectance and Kramers-Kronig derived 
dielectric loss spectra were both successfully modelled with 
a set of damped harmonic oscillators, indicating that this 
classical dispersion model is a reasonable description of 
the iantrared absorption process 1n Ba(C10. )5*H59 (Section 
4.3). The advantages of this combined Kramers-Kronig/ 
Classical Dispersion method for obtaining reliable values 
of the dispersion parameters are clearly demonstrated, 


parece larly fon Overlapping bands. From the measured 
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transition strengths the associated dipole moment deriva- 
tives, with respect to the crystal normal coordinates, wer 
evaluated under the assumption of a Lorentz local field 
(Section 6.3). Under the further assumption of the orien- 
ted gas model, the molecular dipole moment derivative for 
the Vo Vibration of C10, was estimated to be 60:8 cm 
the transiormation from crystal dipole moment deriva— 
tives to bond moment derivatives was performed for the in- 
ternal water modes, under a zero-order bond moment approxi 
mation (Section 6.3), using the results of an intramolecu- 


fareLtorce ticldscalculavion by Bertive er: aie” This gave 


bond moment derivatives of au/ar = 2,2340.10D A> and 
epifoo— O2Olt0° 04D, where neis the equalibrium O=idisvtance 
and 6 As the equilibrium H=O=H angle. The fact that inde— 
pendent, calculations of, ew/orm from the v, (Av) and v3 (Bu) 
Stretching viprations were 1n 200d agreenent, “surongly jsup 


ports the validity of the bond moment model for these par— 


BLeCiMlaAtNO-H ask bprautone:. 
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3/2 =1 


Further polarized intrared retleetance measurements on 


Beachy stale Lace LOL Ba (C10, )5°H50 containing the c-axis, are 
required to completely determine the orientation and magni 
tude of the transition moments for the Bu fundamental mode 
A more rigorous evaluation of the bond moment derivatives 


awaits a full normal coordinate analysis, including a loca 
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field correction based on the lattice dipole sums and atomic 
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pOlarizabrlities. “Finally, a study of the temperature de— 
pendence of the infrared spectra will enable a more de- 
finitive assignment of the overtone and combination transi- 
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APPENDIX A 
Derivation of Kramers-Kronig Dispersion Relation Between the 
Real and Imaginary Dielectric Constant 

Derivation Or the dispersion relation between the real 
and imaginary components of the complex dielectric function 
e(v), KeqQuianes <a anwviyticecontunuabtton OF e(v) Into the 
upper half of the complex frequency Sia. This is re- 
presented in Fisure Aq asaDomain, Dy wiih os and UE, denoting 
the real and imaginary frequency axes, respectively. A con- 
tour integration as indicated by pathway C yields the de- 
sired dispersion relation. The singularity av ve alone the 
real irequency Axia corresponds, Lo a) aArequency Of resonance 
APSOLpmIOn, ANG as "enelosed by the contour ainverral. For va 
real crystal which possesses several absorption frequencies, 


this method is easily generalized by summing the partial 


Contributions) romeexch resonance frequency. 


Contour C Domain D 
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APPENDIX A, continued 


in@order Loe apply Cauchy ss intercral formula, 7°" the 


contour integral C must approach zero as the frequency 
radius becomes infinite. However, im e(v) = ik EKateeuatonss (0). 
The integration must therefore be er Lor the modi taed 
TUneCtION fC) = Cy) =i) WhtCh Satist Les both thas 1imi tinge 
condition and the requirements of causality, boundedness, 
and linearity. From equation [1.9], it can be seen that 
(e(v)-1)/41 is the proportionality constant between the 
electric field E and the induced polarization PP.) since po- 
farizacion cannot be anduced in the medium prior to the 
aoplreation of the ellectric faeld, f(y) smustilatso be a 


causal response function. 


Cauchy Ss e1ntecral formula, vhnenesives uhau: 
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where P=Cauchy principal value 
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APPENDIX A, continued 


Tus: 
SCO ae es [A.4] 
Tit alt ae eer eon 


Separation of real and imaginary parts gives: 


Zee peas ae pee) dv Bese 
fo) 1 V-V 
—© O 
" ne gla Re en) 
and © oe) es Pp é v=V6 dv LAG 


eM Cu aC twatatia v e(v) Belaves: tworreal tierra quantities. 


E and D, imposes the condition that :7°° 
e(-v) = e*(v), and therefore: 
e'(-v) = e'(v) 
and Eide =te (CODE 


Equations [A/6] and [A.6] can now be expressed as integrals 


OVeEr positive i requenc res: 


Boe eae ee ve) ay [A.7] 
io f (@) av) Ao 

y ) = ae Pp ; es dv [A.8] 

E Cue Sar, g : : 


These are the Kramers-Kronig dispersion relations for e(v) 
given in equations [1.59] and [1.60]. The corresponding 
Telatdons between n(v) and k(y), and ¢€(v) and gnR(v), are 
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